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ABSTRACT 
Soil Moisture Variability: Implications for the Hydrology, Erosion and Management of Gullied 
Catchments in Central Spain 
Christopher Fitzjohn 
In semi-arid environments, the combination of a non-uniform distribution of vegetation, an often highly 
irregular terrain and complex geological, pcdological and management histories have frequently given 
rise to considerable spatial variability in the physical and hydrological properties of soils. Heterogeneity 
within the soil's physical and hydrological properties can result in pronounced differences in infiltration 
and soil moisture. The hydrological response of semi-arid landscapes to rainfall events may therefore be 
spatially non-uniform. Quantifying the spatial pattern of hydrological response is important for 
identifying those areas within the landscape which arc vulnerable to runoff and erosion. Since soil 
moisture is considered to be a key factor in determining hydrological response and its spatial distribution 
is a function of the soil's physical and hydrological properties, the spatial and temporal measurement of 
soil moisture may be used to identify contrasting areas of hydrological response. In a badlands 
environment located approximately 70 km north of Madrid, central Spain, an experiment was established 
to describe the temporal and spatial variability in soil moisture at three scales, with the primary aim of 
furthering the understanding of the hydrological and geomorphological processes operating in semi-arid 
landscapes. 
At each measurement scale, the macroscale (25m sampling interval), the mesoscale (gully catchments, 
Sm sampling interval) and the microscale (I m sampling interval), two distinct groups of soil moisture 
conditions emerged related to dry and wet weather conditions. At each measurement scale the maximum 
variability in soil moisture is similar (>20% volumetric content difference between immediately adjacent 
sampling points). At the meso and microscale the spatial pattern of soil moisture could be described as a 
mosaic pattern which during the dry period was mme fragmented and variable than during the wet period. 
The spatial pattern of soil moisture during wet conditions is more uniform due to the development of 
extensive wet areas within the catchments. During these conditions the range of spatial correlation in soil 
moisture may double (to greater than 30m) compared to dry conditions, indicating an increase in the 
spatial continuity of soil moisture. The spatial variability in soil moisture therefore displays a temporal 
dependency; the mosaic soil moisture pattern is more fragmented and spatially discontinuous during dry 
than wet conditions. 
A striking characteristic of the study area is the near horizontal interbedding of sediment horizons which 
may strongly contrast in their textural composition over relatively short distances. This variability in soil 
texture and the associated changes in pore size characteristics, were the principal controlling factors in 
determining the spatial patterns of soil moisture and overrides the known influence of vegetation and 
topography on soil moisture. During dry conditions the non-uniform uptake of soil moisture by vegetation 
may partly explain the greater variability in soil moisture observed during this period. 
The mosaic patterns of soil moisture represent areas of contrasting hydrological response. During dry 
periods when the mosaic pattern is more fragmented, source areas of overland flow are spatially isolated 
and surrounded by 'sink' areas capable of re-absorbing runoff and sediment deposition. Hydrological 
pathways are therefore discontinuous resulting in minimal runoff reaching the catchments channels. Since 
soil moisture values during this period are below saturation, any runoff which does occur is generated as 
infiltration excess overland flow. In semi-arid areas spatial variability in soil properties or vegetation 
patterns may therefore be beneficial for runoff and erosion control by creating a self-regulating system in 
which runoff producing areas are surrounded by buffer zones capable of re-absorbing the runoff. During 
wet periods extensive areas of the catchments may be saturated. source areas are no longer spatially 
isolated and continuous hydrological pathways may develop rapidly during this period. During the wet 
period when conditions arc above a critical saturation threshold value widespread runoff will occur 
regardless of the spatial variability in the soil's physical and hydrological properties. 
The creation of a mosaic pattern in which buffer zones are adjacent to potential runoff producing areas, as 
identified from spatial soil moisture patterns, may provide the most effective management strategy in 
runoff and erosion control for degraded semi-arid environments. The creation of a mosaic pattern is most 
applicable at the watershed scale allowing several land uses, including those which are potentially 
degrading, to co-exist. Increasing the critical threshold value above which widespread runoff occurs 
should also.be included as part of this management strategy. 
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Chapter 1 
Introduction 
1.0 Introduction to Soil Variation 
Variation arises from interactions within a multi-scale system comprising the lithosphere, the biosphere 
and the atmosphere through time (Rowell, 1994). Soil forms an important component of the biosphere. Its 
distribution and properties reflect the continuous processes operating within the biosphere and between 
the biosphere-lithosphere and the biosphere-atmosphere. It is the varying nature of these processes and 
the multi-scaled nature of the system which has produced a soilscape continuum, exhibiting varying 
degrees of change in both space and time (Wilding, 1985; Fitzpatrick, 1986; Kachanoski and De Jong, 
1988; Webster and Oliver, 1990; McBratney, 1992; Rowell, 1994). Thus, soil variability is 
"the prod11ct of soil forming factors operating and interacting over a contin1111111 of spatial and temporal 
scales" (Trangmar et al., 1985). 
Soil variation may be encountered as either systematic variation or as random variation (Trangmar et al., 
1985; Wilding, 1985). Systematic variation may occur as gradual change, distinct change or as trends in 
soil properties, which may be explained in terms of soil forming processes operating at a given scale of 
observation ie. soil series or the catena concept (Trangmar et al., 1985; Wilding, 1985). The heterogeneity 
found in soils which cannot be explained is termed random variation. This at first apparent random 
variation or unexplained heterogeneity, may however, be found to contain a systematic component as the 
soil body is studied in greater detail (Trangmar et al., 1985). Therefore the degree of variation 
encountered is partly dependent upon the extensiveness of the investigation. The accuracy of statements 
made about soil properties, soil behaviour and land use performance depends upon the degree of variation 
identified by the investigation and the variation present, as well as the purpose of the study. However, it is 
almost certain that as soil variation increases, then the precision of statements, particularly those related to 
the large scale ie. catchments, or those concerning soil properties known to be highly variable, will 
worsen (Trangmar et al., 1985). 
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It has become increasingly recognised that 
"it is rhe inability to deal wirh spatial variability rhar preve/lls soil users from accurately marching soil 
use requireme/lls ro soil characteristics" (Uehara et al., 1985). 
Furthermore, fundamental to our understanding of soil behaviour, is the need for knowledge on the 
interactions between the spatial and temporal scales of soil processes (Kachanoski and De Jong, 1988). 
To obtain greater precision in statements concerning soil processes, with the aim of improving land use 
management and to further our understanding of soil behaviour, the spatial and temporal variations of soil 
properties and the causes of these variations, need to be examined and quantified. 
1.1 Causes of Soil Variation 
Soil variation is the result of continuous interactions between the soil forming factors given by the 
formula: 
S =a function of (cl, p, r, v, o)t 
where S represents the soil or a soil property, 'cl' is climate, 'p' is parent material, 'r' is topography, 'v' is 
vegetation, 'o' is the biotic component including organisms and human impact and 't' is the time over 
which these factors have been operating to form soil (Beckett and Webster, 1971; Robert, 1993; Rowel!, 
1994). Where soil formation occurs in a natural environment, the resulting variation is termed intrinsic 
variability or natural variability (Cambardella et al., 1994). In most environments however, intrinsic 
variability is accompanied by extrinsic variability caused by human disturbance within the environment, 
modifying the soil forming factors singularly or in combination (Cambardclla et al., 1994). 
Variations in parent materials over short distances may be closely allied with short range variability in 
soil properties (Beckett and Webster, 1971; Wilding, 1985; Burrough, 1993). Stolt et al. (1993) have 
reponed that differences in parent material may be more important in explaining spatial variability in soils 
than landscape position. Soils formed on transported materials such as alluvium or colluvium will be 
more variable than those weathered from bedrock in-siru (Beckett and Webster, 1971 ). Furthermore if 
sediments arc deposited under alternating depositional environments, or have differing source areas 
producing interbedded or regularly interbedded sediments, then patterns of soil variation may be expected 
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to show a trend or be regular reflecting the pattern of deposited sediments (Beckett and Webster, 1971 ). 
Geomorphic processes such as soil erosion by surface wash or gullying will increase soil variability, 
especially if several underlying sediments are exposed by gully dissection (Beckett and Webster, 1971 ). 
Changes in plant communities, whose distribution is largely determined by climate, will result in different 
soil types and hence variability in soil properties (Beckett and Webster, 1971 ). Further soil variability will 
occur when variations in species composition and plant structure are present within a single community. 
Variations in topography and relief, encompassing slope and aspect, will also give rise to variability in 
soil properties eg. the catena concept demonstrates how different soil types are geographically related to 
and associated with relief features. Variability in the number, type and activity of soil organisms will also 
produce variability within the soil body eg. the presence of worms within the soil environment can 
markedly change soil structure and resilience (Beckett and Webster, 1971; Brady, 1992; Burrough, 1993). 
Changes in climate, encompassing precipitation, temperature, solar radiation and evaporation, will also 
produce gradual changes in soil. It is common to find maps showing the world distribution of soil types 
which are based on changes in climate (eg. Miller and Donahue, 1995). Soil variation and variations in 
the values of soil properties is also induced by human disturbance, whether this occurs through land use 
management or simple neglect of the surrounding environment (Beckett and Webster, 1971; Trangmar et 
al., 1985; Wilding, 1985; Burrough, 1993; Rowel!, 1994). Robert (1993) has reported that human 
disturbance induced variability can be significant. Such disturbance can take the form of ploughing, 
planting, grazing, fertilization, drainage, pollution and changes in land use etc. (Beckett and Webster, 
1971; Trangmar et al., 1985). Disturbed soils show significantly more variation than natural soils 
(Wilding, 1985). Furthermore, certain soil properties which are vulnerable to disturbance and therefore 
most affected will show greater variation compared to more stable (tolerant) soil properties as a result of 
land disturbance (Beckett and Webster, 1971; Trangmar et al., 1985; Wilding, 1985). Rowel! (1994) has 
reported that considerably more variation in soil data was found under arable areas when compared to 
woodland sites. Within natural soils some 50-75% of the total variation in certain soil properties such as 
texture, colour and root abundance occurs over distances greater than 500m, whereas disturbed soils 
showed similar magnitudes of variation at distances of less than IOm (Trangmar et al., 1985). Even in 
edaphically similar sites, differences in the spatial pattern of soil variability can be related to disturbance 
history (Robertson et al., 1993). 
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Soil is a dynamic system and this is rellected by the inclusion of time in the soil forming factor's formula, 
indicating that the rates and importance of each soil forming factor will change through time eg. human 
disturbance has been operating over a relatively short time scale (Rowell, 1994). As soils develop and 
mature, with the increasing age of the landscape, then soil variability may decrease, since these older soils 
will have slowly approached an equilibrium with their environment (Soil - Environment Equilibrium 
concept), where the biotic community reaches a stable climax system and the physical environment 
becomes balanced (Beckett and Webster, 1971; Rowell, 1994). Young soils and young landscapes will 
show greater variation since they will be in dis-equilibrium with their environment and the soil forming 
factors. The soil-environment equilibrium may be brought into dis-equilibrium or held at a stage below 
equilibrium, and hence greater variability, by human disturbance and geomorphic processes such as 
erosion and deposition. 
Rarely do soil forming processes operate singularly but rather act in combination with other soil forming 
processes to produce variation. Therefore it is the interactions between these soil forming factors and the 
multitude of feedback mechanisms between them producing an integrated system which is the cause of 
soil variability. 
1.2 Scale and Nested Structures 
With soil forming processes operating and interacting over a continuum of spatial and temporal scales, it 
is expected that soil variability itself will be scale-dependant. This change in the degree of soil variability 
with changing scale is known as "scale heterogeneity" (Beckett and Webster, 1971; Peck et al., 1977; 
Uehara et al., 1985; Trangmar et al., 1985; Cambardella et al., 1994). Furthermore the importance of soil 
forming processes in determining soil variability will vary depending upon the scale of investigation 
(Rowell, 1994). Change in variability with scale may be linear, curvilinear or irregular and changes as 
different causes of soil variability exert dominating effects over different spatial scales (Trangmar et al., 
1985). Since soil variability is scale dependant, then the soil variation identified and the causes of this 
variation will be in the form of a nested structure (Trangmar et al., 1985). Identifying the nature of this 
nested structure depends largely on the scale and frequency of observation (Trangmar et al., 1985). An 
example of nested soil variability is given by Trangmar et al. (1985) in which causes of soil variation 
which operate over large distances e.g. climate, or long time periods e.g. soil weathering are modified by 
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other processes which operate over shorter distances e.g. erosion, or change more frequently e.g. 
temperature or rainfall. 
Nyberg (1996) used a nested sampling design in an attempt to identify the scale at which soil moisture 
variation was greatest. At the 0.2 x 0.2m and I x I m scale soil moisture variability was very low, 
compared to the 10 x tOm scale where variability significantly increased and was similar to the catchment 
wide variability in soil moisture. Hence the process controlling soil moisture variability operated at a 
scale greater than I Om. These nested structures of soil variation are the result of soil forming processes 
operating over a range of scales from the megascopic to the microscopic (Wilding, 1985). To move from 
one level to another level in these nested structures, certain scale boundaries of both distance and time 
must be overcome by the investigator. The length of this distance and time will depend upon the nature of 
the environment ie. its degree of variability and upon the soil property in question. Such a concept may 
explain why Burrough (1993) reports that the variation observed over longer distances may be present 
within the first few metres, and why Beckett and Webster ( 1971) report that 
"up to half of the variance within a field may already be present within any m2 in it". 
Complications may arise in identifying nested structures of soil variability, since the scale on which soil 
variability occurs changes with increasing soil depth (Zhang and Berndtsson, 1988). Several studies have 
indicated that the subsoil is much more variable than the topsoil (McBratney and Webster, 1983; Wilding, 
1985; Zhang and Berndtsson, 1988; Loague, 1992a; Stolt et al., 1993). This is explained in part by 
management practices such as ploughing which tend to promote homogeneity in surface soils and partly 
by climatic effects such as temperature which work on larger spatial scales for upper soil layers 
(Berndtsson and Chen, 1994). However Ritscma and Dekker (1995) have reported greater variability in 
soil moisture in the upper soil layers due to greater textural and structural differences found in these 
horizons. 
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1.3 Soil Variation : Beneficial or Problematic? 
Soil variability may be seen as both problematic and/or as being beneficial (McBratney, 1992; lbanez et 
al., 1995). In terms of sampling effort, quality of information (particularly for modelling) and for optimal 
soil management, soil variability is considered a problem (McBratney, 1992). If several soil properties are 
to be measured and their nested structure of variability is complex, then potentially large numbers of soil 
samples will be required to unravel the complexity. Therefore sampling effort will potentially be very 
high, largely dependent upon the sampling technique and the sampling strategy. The quality of 
information will also be to some degree dependant upon the extent of soil variation encountered by the 
investigation (McBratney, 1992). Burrough (1993) has reported that 
"information on spatiai variability is essential when modelling soil forming and environmental 
processes". 
Many models are based on isotropicity and homogeneity of spatial units (Hawley et al., 1983; Price and 
Bauer, 1984 ). This is particularly so for drainage basin and hillslope hydrological models for which 
inhomogeneity and small scale variability has serious consequences (Price and Bauer, 1984; De Roo and 
Riezebos, 1992). Berndtsson and Larson (1987) and Yair and Lavee (1985) have argued that the high 
variability encountered in soil properties in semi-arid and arid regions makes the application of models to 
these regions much more difficult than would be in humid temperate regions. The inclusion of temporal 
variability operating over a range of scales is also seen as being of increasing importance for modelling 
(Burrough, 1993 ). The ignorance of models to spatial and temporal structures operating over various 
scales may be seen as a fundamental flaw in their physical and mathematical foundation (Sharma et al., 
1980). 
The more variable a soil is, then the more complicated and more difficult it becomes to manage. 
"Soil is easier to manage if it is uniform" (McBratney, 1992). 
If soil variability is high, then the degree of control and the current management techniques necessary to 
contain such processes as soil erosion and surface water runoff may be inadequate (Burrough, 1993). 
Land management may require the removal of as much soil variation as possible by amelioration through 
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e.g. deep ploughing and fertilising (Burrough, 1993). However measures such as amelioration may be 
inefficient and therefore non-cost effective or may even fail if soil variation is too great (Robert, 1993; 
Burrough, 1993). It may therefore be necessary in environments exhibiting high variability for land 
managers to adopt a management approach which is soil specific or spatially sensitive (Robert, 1993). 
The concept of spatially sensitive management is relatively new and 
"allows for variable management practices within a field according to soil or site conditions" (Robert, 
1993). 
The optimisation of benefits from spatially sensitive management largely depends upon the resolution of 
information which in turn governs how well the management moulds to the variable soil conditions 
(Robert, 1993). Wilding (1985) has suggested the adoption of class limits whereby the land is divided into 
blocks on the basis that each block has a range of variation which does not exceed critical limits. These 
blocks can then be managed according to the degree and nature of the variation (Robert, 1993 ). The 
spatially sensitive management concept however, requires newer and higher levels of technology as well 
as new management skills. Both present difficulties, and are slow in being adopted within the present 
managerial establishment due largely to the costs involved in implementing this concept (Robert, 1993). 
From an ecological point of view, distinct soil variations will support a diversity of ecosystems, 
increasing the ecological value of a region (lbanez et al., 1995). Furthermore, such diversity is considered 
beneficial in that it promotes stability and resilience within the environment (McBratney, 1992). Some 
processes which are seen as degrading to the environment e.g. gully erosion, may be beneficial since they 
may increase heterogeneity and hence diversity (McBratney, 1992). Cerda (1995) working in Genoves, 
Spain, has reported a mosaic of runoff producing areas, related to infiltration which is controlled by the 
spatial variability in shrub patches. Runoff is produced in areas between these patches, but re-infiltrates in 
the shrub areas. 
"Any disturbance of the mosaic will modify the rainfall · runoff relatiomhips and increase water and 
sediment losses" (Cerda, 1995). 
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Thus the presence of spatial variation in terms of vegetation cover is beneficial in that it creates areas 
capable of re-absorbing runoff from adjacent areas. There is no continuous hydrological pathway and 
hence erosion is minimal as runoff and sediment never reaches the bottom of the slope (Cerda, 1995). 
1.4 Soil Moisture Variation 
Values of soil water content and an understanding of the spatial and temporal variations in surface soil 
moisture is of great importance to several disciplines (Charpentier and Groffman, 1992; Giacomelli et al., 
1995). In agriculture an understanding of the spatial and temporal variations in soil moisture is valuable 
for optimising irrigation, the timing of fertiliser application and crop yield forecasting; in climatology for 
estimating net surface radiation; in ecology for assessing plant species stress, plant competition and soil 
aeration (O'Loughlin, 1986; Charpentier and Groffman, 1992; Giacomelli et al., 1995); in environmental 
science for determining zones of rapid pollution transport within the soil system (Henninger et al., 1976; 
Ritsema and Dekker, 1995) and in engineering for the effect that saturated zones have on soil cohesion 
(Gardner et al., 1991). Perhaps, however, the most important use of the quantification of soil moisture 
variation is its significant relevance to hydrological studies (Amerman, 1965; Hawley et al., 1983; Burt 
and Butcher, 1985; Sharma et al., 1987; O'Loughlin, 1986; Ward and Robinson, 1990; Phillips, 1992; 
Loague, 1992a; Ritsema and Dekker, 1994). An understanding of the spatial and temporal variations in 
soil water can be used to establish functional relationships between soil water content and various 
hydrological processes (Zhang and Berndtsson, 1988). O'Loughlin (1986) has reported that the response 
of catchments to a storm event is closely related to the prevailing wetness state of the landscape. Without 
information concerning soil moisture variability, 
"prediction and illlerpretarion in catchment hydrology is problematic" (O'Loughlin, 1986). 
Among these vanous hydrological processes, the identification of zones of runoff and thus consequently 
zones of potential erosion is of significant importance, particularly in regions vulnerable to tlooding 
and/or erosion. Hence identifying spatial and temporal variations in soil water content is also beneficial in 
understanding some geomorphic processes, in particular erosion, mass movements and weathering. 
Identifying the spatial and temporal pallern of zones of surface and subsurface runoff is also critical in 
improving the performance in prediction of rainfall -runoff models (Loague, 1992b). 
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1.5 Soil Moisture Variation and Surface Runoff 
Several hydrological studies have identified and reported on the relationship existing between soil 
moisture and surface runoff (Betson, 1964; Kirkby and Chorley, 1967; Hewlett and Hibbert, 1967; Betson 
and Marius, 1969; Dunne and Black, 1970; Henninger et al., 1976). These studies have reported on how 
spatial and temporal variations in soil moisture can lead to the development of source areas or partial 
areas which generate surface runoff (Hewlett and Hibbert, 1967; Dunne and Black, 1970). These partial 
areas are the result of soil saturation, and have been shown to be both spatially and temporally variable 
over a catchment reflecting the soil moisture pattern (Arnerman, 1965; Hewlett and Hibbert 1967; Betson 
and Marius, 1969; Henninger et al., 1976). Berndtsson and Larson (1987) have argued that the application 
of the partial area concept to semi-arid catchments is valid due to the highly variable nature of the soil 
properties. Spatial and temporal variations in soil moisture also play a significant role in the pattern and 
development of subsurface throughflow (Hewlett and Hibbert, 1967; Whipkey, 1967; Weyman, 1974, 
1975; Mosely, 1979; Jones, 1981 ). Source areas represent hydrologically active localities within a 
catchment and depending upon antecedent soil moisture and storm duration, it may only be these 
localities and not the whole catchment which contribute to surface runoff (Heerdegen and Beran, 1982). 
Antecedent soil moisture and storm duration will partly determine the nature of these source areas, ie. 
their size and degree of saturation, and hence the volume of surface runoff produced by and the response 
time to a precipitation event. Therefore the hydrological response of a catchment can be expected to 
change given different antecedent moisture and storm type conditions (O'Loughlin, 1981 ). Although 
source areas within a catchment may produce surface runoff in response to a precipitation event, this 
runoff may not contribute to catchment outflow or at least quickflow (Brown, 1965; Amerman, 1965; 
Burt and Butcher, 1985; Sharma et al., 1987). The contribution of source areas to catchment outflow is 
dependent upon their location within a catchment and upon their degree of connectivity (connectivity 
being defined here as a continuous hydrological pathway between two points or more) (Amerman, 1965; 
Burt and Butcher, 1985; Sharma et al., 1987). When there is no connectivity between runoff producing 
areas, then only those source areas located adjacent to the channel or catchment outlet will contribute to 
catchment outflow (Amerman, 1965; O'Loughlin, 1981; Burt and Butcher, 1985; Sharma et al., 1987). 
Surface runoff from source areas which are isolated and upslope of the channel will be re-absorbed by the 
surrounding drier areas and hence will not contribute to catchment outflow. This will be particularly the 
case in dry periods and for short duration storms (Brown, 1965; Burt and Butcher, 1985; Sharma et al., 
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1987). Amerman (1965) has observed at the North Appalachian Experimental Watershed, Ohio, the re-
absorption of surface runoff from saturated zones by surrounding drier zones reporting that 
"water flowing at one point disappeared at another". 
Connectivity between source areas within a catchment is partly dependent upon the spatial distribution of 
soil hydraulic properties (Sharma et al., 1987). Therefore in the horizontal plane the degree of soil 
variation will determine whether source areas in a catchment are spatially isolated or spatially interactive 
(Sharma et al., 1987; Cerda, 1995). Sharma et al. (1987) have reported that in spatially correlated 
(dependent) soil systems, areas which are favourable to surface runoff will be adjacent, and soils not 
favourable to surface runoff will also tend to be adjacent. Hence soils favourable to surface runoff will 
interact less with soils not favourable to surface runoff, resulting in a quicker response to and a greater 
volume of runoff from precipitation events (Sharma et al., 1987). The degree of connectivity within a 
catchment is also dependent upon the wetness state of that catchment (Burt and Butcher, 1985). Given 
high levels of antecedent soil moisture and/or long storm duration, dry zones (non-source areas), although 
having different hydrological properties compared to the wet zones and thus spatially uncorrelated, will 
also reach saturation, becoming source areas of surface runoff (Amerman, 1965; Burt and Butcher, 1985). 
Therefore at a certain 'wet/less threshold' (saturation), large areas if not the whole catchment will be 
contributing to surface runoff, regardless of the spatial distribution in soil hydraulic properties. At this 
point the spatial variability in soil hydraulic properties becomes irrelevant. It is only at times when the 
wetness state is below this threshold that spatial variability in soil hydraulic properties becomes important 
in determining connectivity between source areas and hence the size of the area contributing to effective 
surface runoff (where effective surface runoff is runoff which directly contributes to catchment outflow). 
Since differing soil types and soil horizons have different soil water storage capacities, the expansion of 
saturated areas and hence greater connectivity will increase through time as each storage capacity is 
exceeded. The rate of expansion to the point of complete catchment saturation given similar antecedent 
conditions will be quicker for a spatially well correlated catchment than a spatially poorly correlated 
catchment. 
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1.6 Soil Moisture Variation and Erosion 
Closely related to source areas of surface runoff and subsurface throughflow is soil erosion (Jones, 1981; 
Moore et al., 1988; Murphy and Flewin, 1993; Morgan, 1995). Moore et al. (1988) have reported that in 
Australia, the location of ephemeral gullies often coincides with the location of zones of saturation. It 
appeared that variations in soil moisture content was a dominating factor in controlling ephemeral gully 
erosion (Moore et al., 1988). In a badlands area of central Spain simulated storms have shown a close 
relationship existing between changes in runoff coefficients and soil moisture content (Ternan et al., 
1995). Blackburn (1975) has reported a positive correlation between initial moisture content and sediment 
loss, arguing that more sediment is produced from soils with high antecedent soil moisture than soils with 
low antecedent soil moisture. On a structurally degraded soil in New South Wales, Australia, high erosion 
rates have been linked to high antecedent moisture conditions (Murphy and Flewin, 1993). Erosion was 
reported as being much higher under high moisture levels than if the same rain had fallen when the soil 
was dry (Murphy and Flewin, 1993). Due to high soil moisture levels and the development of zones of 
saturation, low intensity rainfall resulted in higher rates of soil erosion than would be expected from an 
analysis of rainfall intensity alone (Murphy and Flewin, 1993). Murphy and Flewin (1993) have argued 
therefore, that when quantifying erosion hazard, not only should the return period for a particular storm 
be taken into account, but also the return period for having a certain set of soil conditions, especially 
levels of antecedent soil moisture. 
1.7 Point Sampling or Remote Sensing of Soil Moisture 
The number of sampling measurements necessary to quantify the spatial and temporal pattern in soil 
moisture will depend upon how variable the properties which govern soil moisture distribution are, as 
well as upon the degree of resolution required by the aims of the investigation. The number of samples 
required will also depend upon seasonal variation in variability and on soil conditions, whether wet or dry 
(see section 1.9) at the time of sampling (Hills and Reynolds, 1969; Reynolds, 1970). The scale at which 
sampling is undertaken will depend upon the scale at which the factors governing soil moisture 
distribution operate. These factors could be single or multiple and operate over different scales, which 
will probably be unknown to the investigator. In such cases a nested sampling design will be the most 
appropriate and the most rewarding since this design can reveal variability at several scales. 
Measurements of soil moisture can either be done at point locations requiring field sampling or by using 
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the thermal wave bands available through remote sensing (Davidson and Watson, 1995). The well 
correlated relationship between surface soil moisture and natural thermal radiation has been long 
established, making remote sensing a particularly attractive option for investigating spatial and temporal 
variations in surface soil moisture (Charpentier and Groffman, 1992; Davidson and Watson, 1995). 
However several factors may complicate the collection of soil moisture data by remote sensing, through 
their effects on the ability of remote sensing devices to measure thermal emissions from the soil 
(Charpentier and Groffman, 1992). These factors include vegetation type, soil texture, surface roughness, 
soil surface temperature, topographic variability and exposure to the wind (Charpentier and Groffman, 
1992; Giacomelli er al., 1995). The sparial resolution of soil moisture variability reflected by remotely 
sensed data will depend upon the pixel size of the thermal images (Charpentier and Groffman, 1992). 
Individual pixels will only give information on the average soil moisture conditions since remotely sensed 
data only provides one value per pixel (Charpentier and Groffman, 1992; Davidson and Watson, 1995). 
Therefore soil moisture variations within the pixel size will not be given and thus there will be a loss in 
data resolution. The usefulness of remotely sensed data for measuring soil moisture variation will 
therefore depend upon the extent of within pixel variability (Charpentier and GroiTman, 1992). 
Furthermore Charpentier and Groffman ( 1992) have reported that remote sensing will be less reflective of 
actual soil moisture conditions with increasing topographic variability since soil moisture is more variable 
under these conditions. Therefore the use of remotely sensed data may be restricted to relatively tlat areas 
(Charpentier and Groffman, 1992). Questions may also be raised concerning the monetary expense of 
acquiring high temporal resolution using remote sensing techniques (Gardner er al., 1991 ). 
1.8 Extent of Soil Moisture Variation 
Significant variations in soil moisture may occur over very small distances (Amerman, 1965; Beckett and 
Webster, 1971; Hawley er al., 19H3; Ritscma and Dekker, 1995; Nyberg, 19'>6). Nybcrg ( 1996) has 
reported a wide range in soil moisture from I 0-60% for the 0-30cm horizon with adjacent samples (less 
than IOcm apart) having a difference in volumetric water content of more than 10%. In the surface soil (0-
5cm) Ritsema and Dekker (1995) have also reported a 10% difference in moisture content for adjacent 
samples (less than 5cm apart). In a later paper (Dekker and Ritsema, 1996) tingerlike wetting patterns 
with soil moisture contents of up to 45% were fourid immediately adjacent to dry soil with moisture 
contents less than 25%. Amerman ( 1965) working in cultivated and pastured watersheds has reported that 
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"large areas were found to be firm underfoot and were supporting no surface runoff. whereas adjacem 
areas under seemingly identical storm and physical conditions were soggy and supported surface runoff'. 
Van Wesenbeeck and Kachanoski (1988) have reported substantial differences in soil moisture between 
crop inter-row and row positions. A high variability in soil moisture has also been reported for subsoil's 
(Wierenga, 1985). Using airborne thematic mapper (ATM) data, Davidson and Watson (1995) have 
reported for a field with SO% weeds and 50% bare soil, moisture values ranging from 3.7 - 20.4% 
measured at 20m intervals. Values for a semi-permanent pasture ranged from 1.7 - 41.5% (Davidson and 
Watson, 1995). McBratney (1992) measured volumetric soil moisture content using Time Domain 
Rellectometry (TDR) to a depth of 15cm at the nodes of a SxSm grid. Soil moisture values were found to 
range from 7 - 27%, with increased variation occurring at less than the measuring interval of Sm 
(McBratney, 1992). Further evidence suggested that this soil moisture variation was occurring at less than 
O.Sm (McBratney, 1992). Yates and Warrick (1987) have reported a range in soil moisture values from 
2.5 - 13.5% for 71 random locations over a 90 x 90m grid system in Arizona, United States. 
1.9 Wetting Up and Drying Out Periods 
The extent or range of variation in soil moisture values will change depending on whether measurements 
are taken during a wet period or during a drying out period. Hawley et al. (1983) have reported that soil 
moisture variability should be lowest after a prolonged dry period and largest immediately after rain. An 
increase in variance and standard deviation has been associated with an increase in moisture content 
(Reynolds, 1970). This relationship between soil moisture content and variability may be due to the 
effects of soil heterogeneity being least during dry periods and greatest during wet periods (Reynolds, 
1970; Trickcr, 1981 ). Hawley et al. (1983) have argued that at higher tensions, soil moisture content is 
less variable than when near saturation, explaining the relationship. They have further argued that at 
saturation, uniform conditions are present and therefore the effect of soil pore size variations will be 
maximised resulting in variations of soil moisture content (Hawley et al., 1983). They have, however, 
acknowledged that under extremely dry conditions, variation may increase when compared to wet 
conditions (Hawley et al., 1983). Theoretically as soil moisture across a catchment nears zero, then spatial 
variability in soil moisture content will also tend towards zero (Hendrickx et al, 1990). Working in the 
north - west deserts of China, Berndtsson and Chen (1994) reported very low spatial variability in soil 
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moisture (0-40cm) and attributed this to the very low range (1-3%) in soil moisture content. However 
after a rainfall event and hence an increase in soil moisture, spatial variation in soil moisture increased, 
with a spatial correlation of 5m before rain, falling to less than 2m after rain (Berndtsson and Chen, 
1994). Nash et al. (1989) found that after flooding a clay loam soil, the spatial distribution of soil water 
was completely random. Only after several days of drainage did the spatial correlation between the I m 
sampling intervals increase to 8-20m. 
In contrast, Reid and Parkinson (1987) and Charpentier and Groffman ( 1992) have reported that soil 
moisture variability decreased as soil moisture levels increased. Zhang and Berndtsson ( 1988) have found 
that during a dry summer period the spatial variability in soil moisture was larger than during a wet winter 
period. Furthermore Van Wesenbeeck and Kachanoski (1988) have report~d an increase in spatial 
variance as mean soil water content decreases during drying. Wierenga ( 1985), Greminger et al. ( 1985), 
Hendrickx et al. ( 1990) and McBratney (1992) have also reported that total soil moisture variation and 
local soil moisture variation increased as the soil dries out. McBratney ( 1992) has argued that the 
observed increase in soil moisture variation during dry and drying out periods may be caused by soil 
water redistribution creating patchiness. Wierenga (1985) has argued that during dry period's soil water 
tension increases, resulting in an increase in variance. It may, however, be that variability is highest when 
a soil is between the two extremes of absolute wet and dry (Hills and Reynolds, 1969). 
"The intermediate position is probably characterised by small areas of rapid drying, resulting in a very 
non-uniform pattem" (Hills and Reynolds, 1969). 
1.10 Temporal Persistence of Dry and Wet Zones 
Comegna and Basile (1994) have been able to partition the spatial variability of soil moisture into areas or 
patches known as dry or wet zones. Charpentier and Groffman (1992), Loague ( 1992a) and Ritsema and 
Dekker ( 1994, 1995) have also reported the presence of wet and dry zones creating a mosaic pattern of 
areas with similar soil moisture contents. Where there are clear and strong deterministic links between the 
causes of the variation in soil moisture values, with the zones identified, then it is expected that the spatial 
mosaic (structure) of these zones will persist through time (Comegna and Basile, 1994). This persistence 
through time is known as time stability and is defined as the temporal persistence of a spatial pattern 
(Vachaud et al., 1985; Kachanoski and De Jong, 1988). Since the spatial variation of soil moisture is of a 
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deterministic nature, then the application of the time stability concept to soil moisture variability is 
realistic (Vachaud et al., 1985). This temporal persistence can be determined using correlation analysis of 
successive measurement dates. Evidence for the existence of temporal persistence in soil moisture has 
been given by Munoz - Pardo et al. ( 1990) who have reported that 
"the driest and we/lest locations at one sampling date tend to remain the driest and the we/lest ones at 
other dates". 
Zhang and Berndtsson (1988) have reported that although soil water content varies in time, the spatial 
pattern of soil moisture variation remains fairly constant. Hawley et al. ( 1983) have reported the existence 
of clustering patterns of soil moisture values, which are consistent from date to date, indicating temporal 
persistence. Tomer and Anderson (1995) have reported spatial patterns of soil water storage remaining 
unchanged through time. Temporal persistence in spatial soil moisture patterns has also been observed by 
Berndtsson and Chen (1994) and Nyberg (1996). Temporal persistence may not, however, be completely 
time independent (Comegna and Basile, 1994). As the time interval between observations is increased, 
the correlation between dates worsens (Comegna and Basile, 1994). Zhang and Berndtsson (1988) have 
also reported that temporal persistence may decrease during dry or summer periods. 
1.11 Causes of Soil Moisture Variation 
The level of soil moisture at any point, and hence the degree of variability between points, will depend 
partly on the degree of variability of internal soil processes which directly influence moisture holding 
capacity, and partly on the variability of external processes which influence soil moisture content 
(Reynolds, 1970). Furthermore, through the numerous interactions and feedback mechanisms occurring 
between these processes, their influence on soil moisture values may be complex, whereby a single factor 
may or may not be dominant (Zhang and Berndtsson, 1988). Being directly related to hydrological factors 
such as hydraulic conductivity, infiltration rate, evaporation and soil water retention characteristics, soil 
moisture content can be expected to vary wherever these factors vary (Nielsen et al., 1973; Zhang and 
Berndtsson, 1988). The variability of these hydrological factors is however influenced by the variability 
of other factors such as bulk density, surface sealing, vegetation and in a feedback loop by soil moisture 
itself. The variability of these factors is again influenced further still by the variability of other factors 
such as climatic conditions and landuse management. Thus the controlling factors of soil moisture 
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variation operate on many different levels and over many different spatial and temporal scales (Reynolds, 
1970; Hawley et al., 1983; Kachanoski and De Jong, 1988; Ritsema and Dekker, 1994). 
1.12 Soil Moisture and Topography 
The relationship between topography and soil moisture distribution has been well established (Hewlett 
and Hibbert, 1967; Dunne and Black, 1970; Ward and Robinson. 1990). Areas of increased soil moisture 
are expected to occur in topographic hollows, zones of convergence (Ward and Robinson, 1990) and at 
the base of slopes adjacent to river channels (Hewlett and Hibbert, 1967). 
"Topographic non-uniformity within small catchments is a major factor controlling the spatial variability 
of soil water" (Moore et al., 1988). 
Hawley et al. (1983) and O'Loughlin (1986) have also reported that variations in soil moisture can be 
explained in terms of local topography. In an attempt to explain spatial variations in soil moisture content 
for a covered forested catchment on the Swedish west coast, Nyberg ( 1996) examined topography, soil 
hydraulic properties, soil depth, water inputs and fine root distribution as possible controlling factors. It 
was concluded that macro-topography was a major contributor to the variability in soil water content. 
This was substantiated by spatial correlation of the soil water content data set which displayed a range of 
spatial correlation of 20m which was 
"interpreted as a characteristic length for the topographically homogeneous sub-areas" (Nyberg, 1996). 
Since topography controls the spatial distribution of soil water, then topographic features can be used to 
identify source areas, contributing surface and subsurface runoff across a catchment (Moore et al., 1988). 
Burt and Butcher (1985) used topographic features suc~1 as slope, plan curvature and drainage area to 
formulate topographic indices which were then correlated with the observed soil moisture distributions. 
However, the correlations were .found to -be poor suggesting that the topographic features used were 
inappropriate in explaining the pallt<rn of soil moisture (Burt and Butcher, 1985). It was only at times of 
high soil wetness that the relationship between topographic indices and soil moisture improved (Burt and 
Butcher, 1985). Topography encompasses several variables, such as slope, aspect and upslopc 
contributing area, each of which can influence soil moisture content and hence soil moisture variability 
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(Hawley et al., 1983; Moore et al., 1988). Of these variables, both Burt and Butcher (1985) and Nyberg 
( 1996) have concluded that upslope drainage area was more important in controlling soil moisture content 
then any of the other variables. Charpentier and Groffman (1992) have reported, however, that although 
increased topographic heterogeneity resulted in higher variability of soil moisture values, this variability 
could not be attributed to topography or aspect. No correlation between topography and soil moisture was 
found (Charpentier and Groffman, 1992). Instead they attributed this variation to factors such as soil 
texture, structure, landuse management and vegetation cover (Charpentier and Groffman, 1992). 
Berndtsson and Chen ( 1994) found no relationship between topography and soil moisture for depths less 
than I m. However below I m depth the soil moisture pattern was related to topography (Berndtsson and 
Chen, 1994). Although reporting isolated zones of high soil moisture exceeding 70% volumetric in some 
places, Ritsema and Dekker ( 1995) found no relationship between these areas and topography. 
1.13 Soil Moisture and Vegetation 
Both spatial and temporal variations in vegetation cover and species type will influence soil moisture 
variability (Reynolds, 1970; Hawley et al., 1983). To some extent the vegetative cover and its 
composition will determine how much rainfall reaches the ground surface (interception rate). Through 
shading it will influence how much solar energy is available for evaporation and its density will 
determine how much air movement there is near the soil surface (Reynolds, .1970). Vegetation, through 
its rooting system and the production of organic material, will influence hydrological, physical and 
biological variables such as hydraulic conductivity, pore density and stability and water holding capacity, 
all of which are important factors in determining soil water content and hence soil water variation. 
Differences in species type may result in differences in the rates of drying out of the soil through 
evapotranspiration when water demand exceeds rainfall (Reynolds, 1970). Such differences may be most 
evident when endemic and exotic species are compared in adverse environments, whereby the endemic 
species have adapted to the adverse environmental conditions and the exotic species are less well adapted 
e.g: in ·arid regions or climates with a seasonal moisture deficit, endemic species will be better adapted to 
ntoisture stress than exotic species which may be less well adapted resulting in differing rates of soil 
drying. In bare soils, soil moisture variation is much less than in vegetated areas where soil moisture 
variation is greater (Reynolds, 1970; Hawley et al .. 1983; Wicrcnga, 1985). Furthermore variability in 
soil moisture is lower with a full canopy cover when compared to a partial vegetation cover (Hawley et 
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al., 1983). Variability in soil moisture is higher again where the vegetation occurs m clumps or is 
clustered into patches (Hawley et al., 1983). The extent of soil moisture variability may also differ 
between natural vegetation communities containing several species and planted monoculture 
communities. Higher soil moisture variability would be expected in the natural communities, where 
different species have different rooting depths and spacing between species will be variable. In a planted 
monoculture community rooting depth will occur at the same level in the soil profile and equal spacing 
between plants may apply. The influence exerted by vegetation cover and composition on soil moisture 
variation may diminish the influence exerted by topographical differences and soil heterogeneity (Hawley 
et al., 1983; Zhang and Berndtsson, 1988). This effect may be greatest when investigating only the upper 
soil layers and during dry or drying out periods (Zhang and Berndtsson, 1988). Bouten et al. ( 1992) have 
reported that for a Douglas fir stand, the trees had a preferential uptake of water from the wetter soil 
areas. This phenomena along with drainage resulted in an originally spatially varied soil moisture 
distribution to become a homogeneous distribution. Nyberg ( 1996) working in a catchment uominated by 
Norway spruce found no correlation between water content and distance to the nearest tree and attributed 
this to the randomly distributed nature of the tine roots found in the lateral plane for these trees. Franc is et 
al. (1986) have also reported a poor and not significant correlation (r = 0.2) between soil moisture 
distribution and 'vegetation cover, for a semi-naturalmatorral scrub in su'uth east .Spain. 
1.14 Soil Moisture and Soil Texture 
Where significant differences in soil texture and soil structure occur, then it is likely that these factors will 
be dominant in controlling soil moisture variability (Beckett and Webster, 1971; Greminger et al., 1985). 
. . 
Price and Bauer (I 984) have reported that 
"lateral variability of so!lmoisture reflects textural changes over a feiV metres". 
Subsoil variations in soil moisture have also been related to variations in texture (Wierenga, 1985). Nash 
et al. (I 989) have reported "drastic changes" in soil moisture with distance, the causal factor being 
changes in soil texture. Wilding (1985) has reported that soil moisture is spatially more variable in fine 
textured soils with significant cracking than in coarser textured soils. Several studies have reported a 
close relationship between variations in soil moisture and silt and clay content (Vachaud et al., 1985; 
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Zhang and Berndtsson, I988; Munoz- Pardo et al., 1990). Vachaud et al. (1985) and Munoz- Pardo et 
al. (1990) and have reported that the temporal persistence of soil moisture spatial patterns is determined 
by the imposed spatial distribution of silt and clay. Variability in soil structure encompassing crack 
density, pore density, pore size distribution, pore connectivity and structural stability can result in 
significant variations in soil water content. Preferential now paths allowing the rapid movement of water 
through narrow channels (often.macropores)·can result in areas of high soil moisture whilst the adjacent 
bypassed soil matrix is left dry (Beven and Germann, 1982; Dekker and Ritsema, 1996). In some 
situations, however, soil texture and structure is often related to slope position, making it difficult to 
distinguish between the effects of these two causes on soil moisture variation (Hawley et al., 1983). 
1.15 Other Causes of Soil Moisture Variation 
Ritsema and Dekker ( 1994, 1995) and Dekker and Ritsema (1996) have reported considerable variations 
in soil water content for soils ranging from fine sands to heavy clays and have attributed this variation to 
the varying degrees of water repellency exhibited by these soils. Water repellency is partly dependent 
upon initial soil moisture content with air dry soils being the most repellent and wet soils being the least 
or not at all repellent (Dekker and Ritsema, 1996). Water repellency can also be induced by organic lilms, 
produced by certain varieties of hyphae and plant residues, which coal soil particles and soil aggregates, 
inhibiting water penetration (Dekker and Ritsema, 1996). Water repellency has been shown by Dekker 
and Ritsema ( 1996) to result in a 20% difference in soil moisture content for adjacent areas. 
1.16 Introduction to Soil Erosion 
Soil erosion can occur as natural erosion, also termed geological erosion, which in many instances may be 
considered as an acceptable level of erosion since the loss of soil is often balanced by the formation of 
soil (Morgan. 1995: Hudson, 1995). Soil erosion may also occur however. at rates far in excess of soil 
formation the cause of which is primarily allributablc to human activllies (Evans, l9RO). The physical 
degradation, social and economic costs of this 'accelerated' erosion makes it an issue of concern to 
governments; businesses •. individual landowners and academics· in both the physical and social sciences, 
whose research. aims to understand the complex processes and causes of erosion in an allcmpl to 
formulate effective prevention and control measures. 
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Soil erosion occurs through the action of two physical processes (Luk, 1979; Young and Onstad, 1982; 
M organ 1995). This involves firstly, the detachment of soil particles, which in the case of erosion by 
water, occurs through raindrop impact and runoff and secondly, the subsequent transport of his detached 
soil which occurs by raindrop splash and runoff (Gertis et al., 1990). The effectiveness of raindrop 
impact, rainsplash and surface runoff as detachment and transporting agents of soil particles is partly 
dependent upon their simultaneous occurrence (Luk, 1979; Morgan, 1978, 1995). Rainsplash and 
raindrop impact are therefore dependent to a certain extent on the depth of surface runoff, being more 
effective up to a critical depth of water (Bryan, 1979; Luk, 1979; Thornes, 1980; Poesen and Savat, 
1981 ). In addition raindrops impacting into surface runoff will increase the turbulence of the runoff and 
therefore its ability to detach and transport soil (Morgan, 1995). The effectiveness of these detaching and 
transporting processes is dependent partly upon soil erodibility which may be defined as 
"the vulnerability or susceptibility of the soil to erosion as reflected by its i11herent properties" (Stern et 
al., 1991), 
and in part by rainfall erosivity which may be defined as 
"the poteirtial ability of rain to cause erosion and is a fullction of the physical characteristics of ralnfalf' 
(Hudson, 1971 ). 
Both soil erodibility and rainfall erosivity are dynamic, changing from season to season and changing 
even within an individual storm (Govers, 1991; Bajrachaya and Lal, 1992; Le Bissonnais and Singer, 
1993; Morgan, 1995). 
Severe soil erosion can lead to the development of a highly dissected landscape dominated by rills and 
gullies (Campbell, 1989). These landscapes, called 'badlands' because of their poor agricultural 
productivity and aesthetic appearance, can develop in different climatic regions of the wurlu, but arc 
usually associated with unconsolidated or poorly cemented materials (Bryan and Yair, 1982; Campbell, 
1989). Badlands often occur in environments with a fragile ecological balance, and hence natural events 
such as extreme rainfall or climatic change can lead to their de.vdopment (Bryan and Yair, 1982). Hum~n 
uisturbance however, oflen in the form of vegetation clearance, can also cause bauland development or 
extend or rejuvenate naturally occurring bad1ands (Bryan and Yair, 1982; Campbell, 1989; Bocco, 1991 ). 
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1.17 Gully Erosion 
A gully is a channel that is nuvially incised into imconsolidated earth materials. They are characterised by 
ephemeral now, often steep sides and steeply sloping headscarps (Morgan, 1995; Hudson, 1995). Gullies 
may forntas a result of increased erodibility in soil materials, possibly caused by for example a reduction 
in organic material, and/or more commonly by an acceleration of runoff or concentration of nowing 
waters often caused by land use changes (Ireland et al., 1939; Bocco, 1991; Morgan, 1995). Gullies are 
arbitrarily distinguished from rills when their width and depth reach extents that prevent normal tillage 
(Bocco, 1991; Morgan, 1995; Hudson, 1995). Gully initiation is often the result of surface erosion 
(Heede, 1970), but can also occur through subsurface erosion and pipe collapse (Gutierrez et al., 1988; 
Morgan, 1995). The development of gullies can be categorised into several distinct stages (Ireland et al., 
1939). At each stage the morphology, complexity and the dominance of erosion processes operating 
within the gully can change (Ireland et al., 1939; Ternan et al., 199R). For example, in the early stages of 
gully development, headward erosion and gully deepening by surface runoff is dominant (Ireland et al .. 
1'13'1: Bocco. I'!'! I). In later stages of gully development head ward erosion may become less important as 
head ward retreat reduces the size of the runoff contributing area (Ireland eta/ .. 1939). At this stage, gully 
sidewall erosion may become an important source of sediment loss, sometimes accounting for more than 
half of the total volume of eroded sediment within gullies (Biong et al., l'!R2; Blong, 1985; Crouch, 
. - . . . ,• ... 
1990). The erosion processes may also change from erosion caused by surface runoff to erosion caused by 
soil creep and slumping, related to high soil water content. In this respect antecedent soil moisture 
becomes a critical variable in gully erosion (Ireland et a/, 1939; Bocco, 1991.). The morphology of gullies, 
which show a variety of forms (Ireland et al., 1939; Imeson and Kwaad, 1980), is dependent upon the 
dominant erosion processes and the properties inherent in the eroding materials (Ireland et al., 1939; 
Ternan et al .. 1988). According to Ireland et al. ( 1939) the type and success of conservation measures 
used to control gully erosion is dependent upon the stage of gully development and upon an 
understanding of the complex and dynamic erosional processes involved. 
1.18 Spatial and Temporal Variability ofErosion 
Understanding, monitoring and predicting soil erosion is a complex and at times insurmountable problem 
due to its enormous variation in both time and space (Thornes, 1980; Scoging, 1989). The unique 
topography of land forms found in badlands is evidence of the high spatial variability and complexity of 
21 
Chapter I - 111/roduction 
soil erosion processes in operation (Campbell and Honsaker, 1982; Bryan and Yair, 1982). Scoging 
(1989) has argued that high variability in soil erosion over short distances and within apparently 
homogeneous sites suggests that using a lumped approach methodology to erosion studies is both 
unreliable and inaccurate. Furthermore using catchment sediment loss records as indicators of erosion is 
unreliable when source areas are variable (Scoging, 1989). Francis and Thornes ( 1990) have reported that 
soil erosion resulting from runoff is strongly related to rainfall, which in semi-arid areas is strongly 
seasonal. Therefore the temporal variation in erosion will be primarily seasonally controlled. Ireland et al. 
(1939) related the type and rate of erosion in gullies to seasonal differences in rainfall characteristics. 
During the winter months prolonged drizzling rains were ineffective in producing an erosive runoff, but 
did saturate gully rims causing slumping (Ireland et al., 1939). Gully activity therefore showed a seasonal 
variation with distinct erosional processes operating in different seasons, the combination of which 
caused effective and extensive erosion (Ireland et al., 1939). Variability in erosion may also occur 
throughout a storm if prolonged or if several concurrent storms occur, as sediment sources will eventually 
become exhausted (Cammeraat, 1992). Thornes ( 1980) and Scoging ( 1982, 1989) have argued that spatial 
variations in erosion are caused by variations in the resistance of the soil and surface cover (vegetation, 
stones). Scoging (1989) has further suggested that the variability in erosion may be related to the spatial 
pattern of runoff. However when the spatial pattern of erosion was compared to the spatial pattern of 
runoff it was found that areas of maximum erosion did not coincide with tlie areas of maximum runoff 
(Scoging, 1989). The variation in erosion was therefore related to detachment and transporting capacity 
(Scoging, 1989). Luk (1982) believes that much of the variability in erosion found within site studies is 
due to random variation and hence has no structured pattern which can be related to other variables. 
1.19 Runoff Generation in Semi-Arid Environments 
A knowledge of the factors which control runoff generation is essential in understanding the hydrological 
and erosional response of hillslopes and drainage basins (Yair and Lavee, 1985; Gertis et al.. 1990; 
Bocco, 1991). It is often assumed that Hortonian overland flow (runoff generated when rainfall intensities 
exceed in nitration capacity), is the dominant runoff generating process in semi-arid environments (Bryan 
and Yair, 1982; Scoging, 1989). However, Bryan and Yair (1982) have reported that 
"bad/and catchments generally conform to partial and variable source area concepts of runoff 
generation". 
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The variable source area concept (Hewlett and Hibbert, 1967) and the partial area concept (Betson, 1964; 
Betson and Marius, 1969), relate to surface runoff generation from localised saturated areas (saturated 
overland flow) which may expand and contract throughout the duration of a rainfall event. Hodges and 
Bryan ( 1982) in a study of runoff generating processes on bad land slopes, reported that the occurrence of 
Hortonian overland flow was uncommon. Instead runoff was primarily generated by a thin saturated layer 
at the soil surface (Hodges and Bryan, 1982). Scoging (1989) and Bocco (1991) have reported that the 
partial area concept has been successfully applied to semi-arid areas in identifying both runoff and 
sediment sources. It is probable that runoff generation in semi-arid environments results from a 
combination of runoff processes including both Hortonian overland flow and saturation overland flow 
(Bryan and Yair, 1982; Scoging, 1989; Gertis et al., 1990). The occurrence of subsurface throughflow in 
the form of matrix or translatory flow is generally uncommon in semi-arid environments (Hodges and 
Bryan, 1982; Yair and Lavee, 1985; Scoging, 1989). Flow through subsurface pipes however, can be a 
significant source of runoff and erosion in semi-arid landscapes (Drew, 1982; Harvey, 1982; Jones, 1982; 
Bryan and Yair, 1982; Bocco, 1991; M organ, 1995). 
1.20 Spatial and Temporal Variation in Runoff Generation 
Runoff generation is spatially and temporally highly variable in semi-arid landscapes and may be 
considered as an inherent characte-ristic feature of these areas (Bryan and. Y ~ir, i 982; Yair and. Lavee, 
1985; Scoging, 1982, 1989; Campbell, 1989). Spatial and temporal variations in runoff generation can be 
related to the variability within a ·single or a combination of controlling factors including, topography, 
antecedent soil moisture, vegetation cover, lithology, land use, infiltration and rainfall (Ireland et al., 
1939; Thornes, 1980; Scoging, 1989). 
Rainfall intensity, duration and frequency, even when assuming no spatial variation in these properties 
(an assumption applicable to small catchment studies), are significant comrolling factors in determining 
the temporal variation in runoff and its spatial extent (Ireland et al., 1939; Campbell and· Honsaker, 1982; 
Scoging, 1982; Yair and Lavee,_ 1985; Lavee, 1985; Cammeraat, 1992). Ireland et al. (1939) have 
reported that after frequent rains of long duration any further rainfall is likely to result in a high 
percentage of runoff, whereas rainfall after a relatively dry period is more likely to be absorbed and 
infiltrate rather than be converted into runoff. Scoging ( 1989) has reported that runoff is greater and more 
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widespread with increasingly wetter antecedent conditions. Lavee ( 1985) has argued that a certain rainfall 
duration threshold value exists above which the size of the runoff contributing area is increased. 
Therefore two storms with identical characteristics may result in quite different amounts of runoff 
depending upon antecedent soil moisture and the frequency of rainfall events (Campbell and Honsaker, 
1982; Cammeraat, 1992). Hodges and Bryan ( 1982) and Scoging (I 982, 1989) have reported that the 
spatial variation in runoff generation is predominately controlled by lithological variations, in particular 
the particle size distribution and its effects on infiltration, soil moisture storage capacity and the structural 
stability of surface soil properties. Lavee et al. (I 995) have reported spatially non-uniform runoff on a 
semi-arid hillslope in southern Spain which could be related to differences in surface roughness and 
microtopography. Spatial variation in antecedent soil moisture is also considered to be a significant factor 
in the spatial occurrence of runoff (Luk, 1979; Hodges and Bryan, 1982; Scoging, 1982; Yair and Lavec, 
1985). Spatial variability in soil moisture has been related to the spatial variability in lithology (Hodges 
and Bryan, 1982; Scoging, 1982, 1989). Hodges and Bryan ( 1982) have reported that the 
"moisture regime of a litlwlogic unit or a complete micro-catchment is the critical factor determining the 
incidence, timing and magnitude of runoff response to rainfalf'. 
Similarly, Scoging (1982) has also reported that the 
"moisture regime is the critical factor determining the timing and magnitudes of runoff'. 
1.21 Hydrological Response Units, Spatial Arrangement and Thresholds 
Morgan ( 1995) has reported that the spatial pattern of runoff generation over a hillslope is critical in 
determining the effectiveness of overland now as an eroding agent. This is supported by Campbell and 
Honsaker ( 1982) who argue that knowing the spatial pattern of antecedent moisture for a wide range of 
conditions is essential in identifying the spatial patterns of runoff and hence those times when runoff and 
erosion is widespread. Scoging (1989) sees this as an important step for-identifying critical conditions or 
thresholds which arc of value in the effective allocation of scarce resources to combat erosion. 
Runoff and erosion can be studied at several scales, ranging for example from the individual plant to the 
drainage basin (lmeson et al., 1995). At every scale it is highly probable that the hydrological response 
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will show variation, even if this variation is very small. The variation in hydrological response becomes 
more evident with increasing scale as areas become more dissimilar. Contrasting areas of hydrological 
response, which for example may range in scale from a pore channel adjacent to the soil matrix up to an 
agricultural field next to a forest may be categorised into distinct units based on their hydrological 
response. Each unit can be given a threshold value determined by the conditions necessary for widespread 
runoff and erosion to occur within that unit. Above this threshold value widespread runoff and erosion 
occurs. These units can be termed hydrological response units and it is their spatial arrangement within 
the scale studied which is critical in determining the extent and severity of runoff and erosion (lmeson er 
al., 1995; Flugel, 1995). For example, consider the variation in discharge from contrasting spatial units 
within a hydrological sequence of an agricultural field, next to an agricultural field, next to an agricultural 
field adjacent a stream channel. Each field represents an individual response unit. However if all fields 
have a low threshold value, and given their spatial arrangement, they may act as one unit with the 
potential for widespread runoff and erosion which can exit the drainage basin. A spatial sequence of an 
agricultural field, next to a forest, next to an agricultural field, next to a forest adjacent a stream channel 
suggests that runoff and erosion will be localised to the agricultural fields and only occur in the forest 
when their higher threshold level is surpassed. Assuming that the forests trap sediment and absorb runoff 
and the threshold is rarely exceeded, little if any sediment will leave the drainage basin. Therefore the 
extremity of an event required to initiate catchment runoff and erosion is dependent upon the spatial 
arrangement and threshold values of hydrological response uniK Land use management can be a 
significant. controlling factor in determining the spatial arnirigcnient of response units and their threshold 
values and hence the frequency and severity of runoff and erosion. 
It should also be noted that the hydrological response units at one scale form one level of a nested 
hierarchical scalar system. the complexity of which increases with increasing scale. At large scales e.g. 
catchments, there will be several nested levels (greater complexity). In this example, for a storm to initiate 
catchment runoff and erosion it must overcome the spatial arrangement and threshold values at all scales. 
Therefore runoff and erosion at the catchment scale requires larger magnitude storms whereas runoff and 
erosion at smaller scales e.g. within an agricuftural field may lie i~itiated by smaller storms. 
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1.22 Soil Erosion in Spain 
Gonwlez Hildalgo et al. (1991) have reported that two thirds of Spain is suffering problems of soil 
erosion, 26.7% of this is considered to be moderate erosion, a further 21.7% of the land surface is 
undergoing severe erosion (Medio Ambiente en Espana 1985, 1986, 1989). The cause of this erosion is 
largely attributable to 
"poor land management and an ignorance of soil/imitations" (Navas and Machin, 1991 ). 
It is also partly caused by the predominance of a semi-arid or seasonally arid climate and the natural 
fragility of Spain's landscapes. The combination of severe erosion and a semi-arid climate can lead to 
potentially irreversible desertiftcation. Past and present erosion is resulting in the loss of productive land, 
a reduction in reservoir storage capacity through sedimentation, decreasing biological diversity and is 
degrading the aesthetic qualities of the landscape (Ternan et al., 1995; Kosmas et al., 1997). In 1991 the 
Institute for the Conservation of Nature (ICON A) unveiled a Spanish national plan to combat erosion and 
desertification (Rojo-Serrano, 1995). The plan favoured re-afforestation as the principle means of 
conservation, proposing that 2 million hectares of land should be re-afforested immediately (Rojo-
Serrano, 1995). The plan encourages the use of indigenous species for planting and the 
"reconstruction of the natural vegetation community" (Rojo-Serrano, 1995). 
Furthermore several species should be used in re-afforestation to increase and preserve the natural 
biological diversity (Rojo-Serrano, 1995). The plan also proposes that re-afforestation should not be 
undertaken on lands with an existing natural vegetation cover including matorral scrub when this 
vegetation provides adequate protective cover (Rojo-Serrano, 1995). The plan also proposed that the 
participation uf landowners should be promoted, a suggestion strongly emphasised as being critical to the 
success of future soil and water conservation projects in Spain by Garcia-Perez et al. (1995). In Castilla · 
La Mancha, the Royal Decree (1993) established a reforestation program with th.: aim of reforesting 
132,000 ha in 5 years (1993-1997) (del Cerro-Barja et al., 1996). Between 1993 and 1995 63,343 ha had 
been reforested with native species in an attempt to restore the natural habitat, promote biodiversity and to 
combat erosion and desertification (del Cerro-Barja et al., 1996). 
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1.23 Soil Erosion in Central Spain 
Most erosion studies in Spain have been concentrated in the south-east of the country (e.g. Scoging, 1982; 
Harvey, 1982; Faulkner, 1995; Francis and Thornes, 1990; lmeson et al., 1995) and in the north-east 
(Ebro basin) (e.g. Gutierrez et al., 1988; Benito et al., 1993). In contrast very little research (Ternan et al., 
1994, 1995, 1996a, b, 1997, 1998) has been undertaken on the bad lands found in north west Guadalajara 
province, central Spain. The land surface of Castilla la Mancha region, of which Guadalajara is a 
province, suffers from 32.3% of moderate erosion, higher than any other region in Spain. A further 30.4% 
is severely eroded (Medio Ambiente en Espana 1985, 1986, 1989). del Cerro-Barja et al. (1996) have 
reported that 26% of unforested land in Castilla La Mancha is suffering soil losses greater than 12 Tm/(ha 
year' 1). In comparison to other badland areas of Spain, the badlands of Guadalajara province may be 
considered as well vegetated (Ternan et al., 1995). It is perhaps the contrast between severe erosion and 
the good vegetation cover of these badlands which makes them a unique and fascinating environment. 
Ternan et al. ( 1995) have also argued that this environment, with its higher annual rainfall and greater 
frequency of rainfall, is potentially at a greater risk of erosional degradation than the bad lands of southern 
Spain. Land degradation in the area is largely related to poor land management, the susceptibility to 
disturbance of the natural vegetation and the erodibility of the sediments (Ternan et al., 1994). Gullies are 
the most actively eroding areas in these badlands, with the inter-gully areas being relatively well 
vegetated and hence generally stable (Ternan et aL 1994 ). Erosion studies by Tern an et al. ( 1994, 1995, 
1996a, 1996b) have indicated that of the four principal land uses in this area, the agricultural lands are the 
most susceptible to erosion, followed by recent bench terraced and afforested areas in which erosion is 
highly localised and from which rurtoff may contribute to active gullying. Soil properties under Pinus 
forest and matorral shrub are the most resistant to erosion where these areas are undisturbed (Ternan et 
al., 1995, 1996a). It was concluded that vegetation and soil management through their effects on soil 
structure are the most important factors controlling erosion in this area (Ternan et al., 1995). The semi-
natural matorral scrub, if properly managed, may provide the most effective, natural and sustainable 
solution to erosion control in this area (Ternan et al., 1995, 1996b). 
1.24 Summary and Aims of this Research 
Soil moisture is considered to be a key factor in determining hydrological response and its measurement 
in both time and space is therefore of concern to both hydrologists and geomorphologists. Although the 
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quantification of spatial patterns is widely acknowledged as being necessary for interpreting hydrological 
and geomorphic processes, it is often neglected due to the complexity encountered and the limited 
resources available. Semi-arid environments in particular, often display considerable variation in rainfall, 
topography, vegetation and soils and subsequently hydrological response. Togeth~r with the threat of 
severe erosion and degradation in these environments, quantifying the spatial variation of those factors 
which are considered to be important in determining hydrological response should be seen as a key aim of 
hydrological and erosion studies within these areas. Despite this, relatively few studies have examined the 
spatial generation of runoff within semi-arid environments (e.g. Cerda, 1995) and even fewer have 
considered the spatial continuity of runoff generating areas and the implications of this variability for 
runoff and erosion control management (e.g. Morin and Kosovsky, 1995). Purthermore, only a small 
number of studies (Yair and Lavee, 1985; Yair, 1992; Grayson et al., 1997) have quantilied spatial 
patterns in soil moisture with the aim of identifying source areas of runoff. To the best knowledge of the 
author, no study has ever carried out a detailed investigation into the temporal and spatial variability of 
soil moisture within gully catchments, with the aim of identifying source areas in an attempt to 
understand the hydrological functioning of gully catchments. This may be considered as being of 
particular importance since Vandaele and Poesen, (1995) have argued that gullies are the principal 
sediment source areas, contributing up to 41% of the total soil loss, in semi-arid environments. In central 
Spain, Ternan et al. ( 1995) have reported that gullies represent the principal runoff generating and 
sediment source areas. 
Given the general Jack of research in this area and its potential significance for furthering the 
understanding of hydrological and geomorphological processes, fieldwork was undertaken in a bad lands 
environment, located in central Spain, with the following research objectives: 
I. To determine temporal and spatial variations in soil moisture at different spatial scales unde1 
different land uses. 
2. To identify the relationships betwee~ these ~~riations in soil moisture and factors known to control 
soil moisture, particularly soil physical properties, topographic position, vegetation characteristics 
and land use. 
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3. To examine whether the primary controlling factors change as the scale of measurement changes eg. 
does the primary factor important in explaining the spatial and temporal variations in soil moisture at 
the small scale become secondary or redundant at the larger scale? Alternatively are the factor(s) 
determining soil moisture variability scale-independent? 
4. To identify zones of potential surface runoff (source areas) from the spatial patterns of soil moisture. 
5. To understand the hydrological functioning of gullied catchments through the determination of the 
continuity of overland flow pathways and subsequently the potential for the occurrence of 
widespread runoff based on the spatial sequence of source areas and the existence of critical 
thresholds 
6. To determine whether the spatial extent and severity of erosion is related to the spatial pattern of soil 
moisture and the development of continuous overland flow pathways. 
7. To identify the implications and research needs for the hydrological monitoring and management of 
areas displaying heterogeneity in hydrological response. 
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Chapter 2 
Study Location and Site Description 
2.0 Location 
The study area lies approximately 65-70 km north-east of Madrid in the Puebla de Valles - Retiendas 
region of west Guadalajara province (Castilla La Mancha), central Spain, at an altitude of approximately 
IOOOm (figure 2.1). To the north of this region lies the Guadarrama mountain range and to the south an 
inland basin. The study site is located within a 'bahada', a Spanish term used to describe the gentle, 
sloping surface leading down from a mountain front to an inland basin (Espejo-Serrano, 1985). The 
bahada forms part of the drainage divide between the Rio Sorbe to the east and the Rio Jarama to the 
west. Within this area a typical badlands terrain has developed, characterised by extensive gullying. 
Ternan et al. (1997) have reported highly variable erosion rates within this area ranging from 1.6 kg m·2 
y( 1 in well vegetated areas to 15.3 kg m·2 y( 1 in degraded areas. 
Previous research into the geology and geomorphology of this area has been undertaken by Espcjo-
Serrano (1985), Perez-Gonzalez and Gallardo (1987), Gallardo et al. (1987) and Ibanez et al. (1994). The 
mineralogical properties of the Rana soils within this region were studied by de Herrera and Quadradn 
( 1970), Espejo-Serrano ( 1985), Rodriguez-Pascuel et al. ( 1987), Garcia-Gonzalez and Aragoneses ( 1990) 
and Aragoneses and Garcia-Gonzalez (1991 ). A socio-economic perspective of the area was undertaken 
by Garcia-Perez et al. ( 1995). Studies into runoff and erosion within the area have all been undertaken by 
Ternan et al. (1994, 1995, 1996a, 1996b, 1997, 1998). Their studies have involved the use of rainfall 
simulation, runoff plots and gauging stations within gully catchments to quantify runoff and erosion from 
the differing land uses (Ternan et al., 1995). Several other areas of erosion research have also been 
studied including the stability of soil aggregates in relation to land management (Ternan et al .. 1996a), the 
effectiveness of bench terracing as an erosion control measure (Ternan et al., 1996b) and the spatial 
occurrence of soil_ piping and its relation to gully morphology (Ternan et al., 1998). The variability in soil 
moisture and soil properties across terraces, hillslopes and within runoff plots has also been recorded 
(Ternan et al., 1995, 1996b, 1997). This research therefore coniinues the work of Terna·n ei al. and is 
similar in that it attempts to understand the hydrologic and geomorphic response of the area. This research 
differs significantly however, in that it places a greater emphasis upon and undertakes a more detailed 
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measurement of the variability in soil moisture and soil properties and the consequences of this variation 
for runoff and erosion within this area and other heterogeneous environments. 
Three first order, valley side, gullies and their watersheds, each located in three different adjacent land 
uses (Pinus afforestation, matorral shrub, bench terracing with afforestation) were selected for study 
within this bad lands environment (figure 2.2). The forest and bench terrace gullies are developed in north-
east facing slopes and the matorral gully has developed in a south-east facing slope (figure 2.2). 
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Figure 2.1. Location map of the study area . 
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2.1 Climate 
T he nearest established meteorological s ta tio n ts at El Yado, located approximately 5 km north o f 
Retiendas a t an altitude of IOOOm. Long term climatic data (1942-1975) from El Vado is presented in 
table 2. 1 (Elias-Castillo and Ruiz-Beltran, 19 8 1). Average an nual rainfa ll for this period is 770 .7 mm with 
December the wettest month receiving an average of 98.2 mm and July the driest month, receiving 18.2 
mm (table 2. 1 ). According to Munoz et al. ( 1989) maxi mum daily rainfall intensity for the period 1941-
1970 recorded at E l V ado, averaged 20 mm day" 1 with a maximum o f 65 mm daf1 in November 1976. In 
the period from December 1992 to December 1994 maximum thirty m inute rain fa ll intens ities ranged 
from 13 to 18 mm hr" 1 (Ternan et al., 1995). Average annual evapotranspira tion is 7 13 . 1 mm and there is 
a pronounced moisture deficit from June to September reaching a maximum in Jul y of minus 11 9 mm. 
Ternan et al. ( 1995) reported a so il moisture status which re mained below fie ld capac ity from May until 
November. The strongly seasonal rainfall and e vapotranspiration produces a climate which may be 
described as sem i-arid continental Mediterranean (lbanez et al .. 1994; del Cerro-Barja et a l .. 1996) 
Table 2.1. Meteorologica l data for th e period 1942 ·1975 recorded at El Vado. 
Meteo roloxical Jan Feb M" Apr May Jun Jul Aux Sep Oct "o• Dtc Year 
Characteristics 
-· 
.. 
........ ············------·-·· -~-----·---------- ------·----- -·-· ------- ......... · -···········--·---
Rain foil (mm) 86 .3 73 .8 79.3 64.3 75.3 50 .5 18.2 19.0 52 .6 67.0 86.2 98.2 170.7 
N' of Rain fa ll Days 8 7 10 9 10 7 3 3 6 7 9 8 87 
Evapotransrirat ion (mm) 10.0 12.4 27 .8 46 .6 75 .0 105.8 137 .2 125.0 87 .4 51 .8 22.1 12.11 71).1 
Rainfall· 76 .3 61.4 51.5 17.7 O .. l ·55..1 ·1 19.0 ·106.0 ·.lU 15 .2 6U u • .l J71.7 
EvJpotran~piration (mmJ 
Mean Maximum ),2 8.8 12.0 15.0 19.0 ·24.0 28.8 28.5 23 .8 17.4 11.7 8.4 17. f 
Tempera ture (' C) 
Mean Miaimu m ·0.3 0.4 2.8 5.3 8.7 12.2 15.3 15. 1 12.4 8.0 3.5 1.0 7.0 
Temperature ('C) 
(Source : Elias· Caslillo and Ruiz·Be llran 198) ). 
The maximum monthly temperature is 37.4°C (average 28.8°C) and the minimum monthly temperature is 
-1 2 .6°C (average -0.3°C) (table 2. 1 ) . T he occurrence of needle ice up to 6 c m in length was observed in 
January 1995 and January 1996. 
Based o n an annual gross prec ipit a tio n of approx imately 500 mm, Tern an et al. ( 1995) ca lcul ated an 
interception loss of 32% for the Pinus forest ~nd 28% for the n}atqrral shrub. 
In addition to the meteorological data fro m E l Vado, rai nfall for the du rati on of the study period 
(Fe bruary 1995 - Apri l 1996) was recorded by an auto matic data- logged ra in fall gauge located 
approximately 400m fro m the forest gully catchment (figure 2 .2). Figure 2.3 shows a co mparison of the 
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monthly rainfall recorded for the duration of the study period with the long term monthly rainfall 
recorded at El Vado. 
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Figure 2.3.Comparison of monthly rai nfall recorded during the study period (Febmary 95-
April 96) with average monthly rai nfall ( 1942- 1975) recorded at El Vado meteorological 
station. 
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Monthly rainfall during the study period was notably below average in the mont hs of March, Apri l. 
September and October compared to the long term average recorded at El Vado. T he winter months of 
December and January were in contrast exceptionally wet ( 156 mm compared to 98.2 mm in December 
and 17 1 mm compared to 86.3 mm in January, figure 2.3). Local news reports suggested that the winter 
of 1995- 1996 had been the wettest for 25 years . T he most notable differences in monthly rainfa ll recorded 
during the study period when compared to the El V ado rain fall records occurred in June when rainfall was 
more than double (126 mm compared to 50.5 mm) and in August when (ainfall was four times higher (9 1 
mm compared to 19 mm) than the long term average. 
A pi lot study used to establish whether the recorded spat ial patterns in so il moisture within an indiv idual 
gu ll y were related to spatial variations in rain fa ll , was undertaken for the period November 1994 -
February 1995, using 6 manual ra i ngauges distri buted throughout the maLOrral gull y and its watershed. 
For the period studied, no signif!ca nt differences in rain fa ll were measured between gauges. The spatial 
vanabil ity in so il moisture recorded wit hin the gully catchments ts therefore not considered to be 
attributable to spatial variations in rainfall. 
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2.2 Geology 
The study area is characterised by unconsolidated alluvial sediments of the Rana formation. Rana is a 
general term applied to any 
''flat geomorphic surface with a detrital covering and with entrenched valleys at it.f margins" (Espejo-
Serrano, 1985). 
In Spain, the Rana formation covers approximately 400,000 ha and is found in large areas of the Iberian 
peninsula (Aragoneses and Garcia-Gonzalez, 1991). The sediments forming the Rana surface in the study 
area originated from the Guadarrama shale-quartzite mountain range to the northeast during markedly 
warmer climatic conditions than those of today (Garcia-Gonzalez and Aragoneses, 1990). The Rana 
surfaces are of Tertiary age belonging to the middle Pliocene epoch (Espejo-Serrano, 1985). River 
entrenchment into the Rana surface by the Rio Sorbe and the Rio Jarama and their tributaries occurred in 
the early Quaternary, creating a sequence of terraces sepanued by steeper, frequently gullied slopes 
(Espejo-Serrano, 1985; Tcrnan et al., 1996a). Percz-Gonzalcz and Gallardo ( 19!!7) have also suggested 
that the several platforms into which the Rana surface is divided may be attributed to neotectonic 
processes. On Mapa Geologica de Espana, Valdepenas de la Sierra (485 20-19 scale I: 50000) the study 
area is located within mapping unit 28, which principally consists of fine sands, sands and siliceous 
conglomerates. Sediment horizons arc generally yellow in colour indicating the presence of limonite·-
iron in an oxidised and hydrated form (Ireland et al., 1939). Some red coloured horizons, which are 
usually sandy in texture, also occur indicating the presence of haematite - iron in an oxidised and non-
hydrated form (Ireland et al., I 939). These sediments are highly variable in terms of their texture ranging 
from gravel and coarse sediments, horizons of which may be 3-5m thick, to sediments dominated by silt 
and clay sized materials which may be found to form horizons up to 90m thick (Mapa Geologica de 
Espana- Valdepenas de la Sierra, 1990). Sands are predominately (65%) quartz and schist. In the Rana 
sediments of central Spain, Aragonescs and Garcia-Gonzalez ( 1991) have reported that smectite clay 
minerals are concentrated in coarse fractions. Beidellite, also a smectite clay mineral, was found in fine. 
silt fractions, whereas montmorillonitc was found in clay fractions (Aragoncses and Garcia-Gonzalez, 
. . . 
1991 ). All of these clay minerals have a 2: I lattice structure and are therefore expandable clays, swelling 
upon wetting (Brady, 1990). Kaolinitc (a non-expanding clay) however, was found to be the most 
abundant phyllosilicate within the Rana sediments (Aragoneses and Garcia-Gonzalez, 1991). Illite is also 
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abundant within the Rana sediments and although this clay mineral has a 2: I lattice structure it is 
considered to be relatively non-expanding (Mapa Geologica de Espana- Valdepenas de la Sierra, 1990; 
Brady 1990). Kaolinite is primarily dominant in surface horizons of the Rana sediments, whereas 
smectites are largely found in abundance in deeper horizons (Aragoneses and Garcia-Gonzalez, 1991 ). 
The sediments are generally horizontally interbedded and therefore form clear and distinguishable 
horizons, although erosional and depositional processes may also produce areas of colluvium. The 
variability of these sediments and their horizontal interbedding is best seen in the walls of gullies which 
have dissected hillslopes. In these gullies, the gully wall is often composed of several distinct horizons 
which may be repeated at different locations along the length of the gully and on both sides of the gully. 
Furthermore, the sediments may vary in their degree of compactness reflecting changes in past 
depositional environments and ongoing geomorphic processes. A large variation in the structural and 
textural composition of sediments may therefore be found within the study region and as a result it is 
expected that the hydrologic and geomorphic response of these sediments will also be variable. 
2.3 Soils 
The dominant soil type in the study area is an Alfisol, although Ultisols may also be found (lbanez et al .. 
1994). These soils may display hydromorphic characteristics and in particular show evidence of 
pseudogleying which occurs predominately in the distinctive argillic· (clay rich, Btg) horizon of these 
soils, indicating poor drainage below the surface horizon (de Herrera and Quadrado, 1970; Gallardo et al., 
1987). The fine earth fraction ( <2.00mm) is generally of silt loam texture although the gravel content 
(>2.00mm) varies greatly (Aragoneses and Garcia-Gonzalez, 1991; Ternan et al., 1996b). Other soil 
properties may also vary. For example, Ternan et al. (1995) have reported that saturated hydraulic 
conductivity may vary from 21.2 mm hr' 1 in bench terracing to 579 mm hr" 1 under matorral landuse. 
Furthermore this magnitude of variation may be found within a single landuse (Ternan et al., 1995). The 
bulk density of the soils has been found to vary from 1.35-2.17 g cm·J (Ternan et al., 1997). Considering 
the variation in -these· hydraulic properties it -is not surprising that soil moisture was also found to be 
. highly variable (4.7- 49.5%) (Ternan et al., 1997). The stability of soil aggregates has al~o been found to 
be highly variable ranging from 24 to 99% (R.S.S.I) (Ternan et al., 1995). The organic carbon content of 
the soils is generally less than 2.5% and the organic maner content is less than 5% (Aragoncscs and 
Garcia-Gonzalez, 1991; Ternan et al., 1995). Aragoneses and Garcia-Gonzalez ( 1991) have reported that 
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a general characteristic of Rana.soils is the low content of organic materials. Where the vegetation cover 
is well developed, little runoff and erosion may be expected to occur from these soils. However, only a 
minor disturbance to this cover may be necessary to cause severe erosion (Ternan et a/, 1995). The soils 
within this region may therefore be considered as vulnerable to runoff and erosion when exposed or 
disturbed (Ternan et al., 1996a). 
2.4 Vegetation and Land Use 
During the 1920's and 1930's much of the study area was under cultivation and pastoralism (Garcia-Perez 
et al., 1995). During this period inhabitants of the nearby village of Puebla de V a lies, noticed an increase 
in surface runoff and that local rivers where responding rapidly, with sometii11es dangerous flows, to 
rainfall events (Garcia-Perez et al., 1995). In 1948 the Spanish government afforested 463 ha of this 
cultivated land with Pi111ts nigra which has now in many areas developed into a dense and mature forest 
with a thick covering of pine needle litter (Garcia-Perez et al., 1995) (figure 2.2). Together with the 
construction of check dams scqucntially along the lengths of some gullies the afforestation was 
principally for flow regulation and soil conservation rather than to crop the timber commercially (Ternan 
et al., 1994; Garcia-Perez et al., 1995). Social and economical changes in the 1960's and 1970's led to the 
abandonment of cultivation on steeper slopes, allowing the re-growth of semi-natural matorral scrub 
dominated by"Cistus spp., Rosmarinus-spp.,. Thymits spp.' and·iri some places Jrmiperus spp. (Garcia-Perez 
et al., 1995) (figure 2.2.). Due to the re-growth of matorral and the forest, local rivers were now more 
regular in their flow and less responsive to rainfall events (Garcia-Perez et al., 1995). Limited grazing of 
the matorral scrub however, continues and although burning is rare some areas of matorral may be cleared 
to provide fresh shoots for grnzing (Ternan et al., 1995). Where perpetual disturbance to the matorral 
scrub occurs. irreversible degradation, preventing natural regeneration may result. As a consequence the 
proportion of matorral cover and its stage of developmem and thus the protection it offers to the 
underlying soil may vary from one area to another. Where the matorral cover is disturbed, severe runoff 
and erosion has been found to occur (Ternan et al., 1996b), In 1980- 1981 matorralland to the east of the 
Puebla de Belena - Tamajon road, which from aerial photographs appeared to .be severely degraded, was 
mechanically bench terraced (Ternan et al., 1996b) (figure 2.2). The princijntl aim of this bench terracing 
was for erosion control rather than for commercial purposes. The bench terraces were constructed using 
bulldozers on slopes up to 40° In the construction of bench terraces an angledo7.er is used to plough up 
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the soil and deposit it at the side and a tiltdozer is used to create an inward tilting profile, producing a 
reverse slope terrace (Braquehais-Garcia et al., 1989). The aim of reverse slope terraces is to retain 
pomled surface water at the riser-tread boundary of the terrace where it may infiltrate preventing the 
downslope flow of surface water. In this respect bench terraces act as mechanical barriers which prevent 
runoff from attaining an erosive velocity (Constantinesco, I 976; Schwab et al., I 98 I; Das, 198 I). Along 
the treads of the terrace all previously existing vegetation was removed. The treads were·then subsoiled (2 
lines) and left bare and exposed for up to I year before being planted with Pinus pinaster (R. Blanco, 
personal communication). Subsoiling was· undertaken to loosen and break up compact subsurface soils to 
aid infiltration and tree growth. Remnants of the previous matorral cover remained on the risers of the 
terraces and although partially buried, have in many places since begun to re-colonise the treads. The 
Pinus trees planted along the treads show great variation in their growth and spati<ll coverage. Many have 
died or have stunted growth caused by a combination of drought, disease and soil toxicity (Ternan et al., 
1996b; A. Perez-Gonzalcz, personal communication). It is not uncommon therefore, to find bare areas 
adjacent to well vegetated areas when walking along the terraces. In many areas the bench terraces have 
been poorly constructed and maintained and do not display the desired reverse slope. Instead many of the 
terraces have a forward and/or a lateral sloping tread which can feed erosive runoff into gullies, 
increasing gully activity (Ternan et al., 1996b). In some instances lateral runoff along treads has led to the 
development of gullies along the length of the tread (Ternan et al., I 996b). The effectiveness of bench 
terraces for erosion control in this environment has been questioned by Ternan et al. (1996b). Today, 
matorral scrub, Pin us· afforestation and afforested bench terraces form the three prinCipal land uses within 
the study area (figure 2.2). 
2.5 Gully Catchment Descriptions 
Although a detailed description of the gully catchments dimensions arc given in chapter 3. a brief 
description of their location and morphology is presented here. 
A first order, valley side, gully catchment was selected (see chapter 3 for selection criteria) in each of the 
different land uses. From here on these catchments are termed the matorral gully catchment, the forest 
gully catchment and the bench terrace gully catchment. The gully catchments within the forest and hench 
terraced area are developed in northeast facing slopes and the gully catchment within the matorral land 
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use has developed in a southeast facing slope. Based on the classification of gully forms presented by 
Ireland et al. (1939), the lower half of the matorral gully catchment may be described as having a linear 
morphology which develops into a bulbous morphology in the upper half of the catchment (Plates 2.1 a, b 
and c). The bulbous morphology may be described as being semicircular or amphitheatre in shape 
(Ireland et al., 1939), and is believed to result from incision into piping susceptible horizons (Ternan et 
al., 1998). The forest gully catchment has a dendritic morphology which is both deep (> 16m) and wide 
(>25m) (Plates 2.2 a and b). The forest gully has a large upslope catchment area which has a relatively 
dense stand of trees (Plate 2.2c). The bench terraced gully catchment may be described as having a linear 
morphology along its entire length which narrows towards the gully head. The watershed on either side of 
the gully's drainage channel has been bench terraced along with the walls of the gully which have 
approllimately 2-3 terraces on each wall. The treads of the terraces within this gully catchment therefore 
follow the contour lines of the landscape and run parallel to the catchment channel. Within the bench 
terrace catchment several of the terraces are degraded and have forward and/or lateral sloping treads. 
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Plate 2.2. (a and b) View of the Forest Gully. 
(c) View of the Forest Gully's Catchment Watershed. 
(a) 
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Plate 2.3. (a and b) View of the Bench Terrace Gully. 
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2.6 Conclusions 
The landscape in which the bad lands of Guadalajara are formed was suitably described by Ternan er al. 
(1995) as a 
"complex mosaic of different materials, vegetation and land manageme/11 practices". 
This heterogeneity in the materials, vegetation and landforms of this area provides a suitable opportunity 
in which to study the nature and causes or variation in hydrologic and geomorphic response. 
44 
Chapter 3- Experimental Design, Field and Laboratory Methodology 
Chapter 3 
Experimental Design, Field and Laboratory Methodology 
Since all field methodology has to.be related to the aims of the research, these are once more stated below: 
3.0 Research Aims 
I. To determine temporal and spatial variations in soil moisture at different spatial scales under different 
land uses. 
2. To identify the relationships between these variations in soil moisture and factors known to control soil 
moisture, particularly soil physical properties, topographic position, vegetation characteristics and land 
use. 
3. To examine whether the primary controlling factors change as the scale of measurement changes eg. does 
the primary factor important in explaining the spatial and temporal variations in soil moisture at the 
small scale become secondary or redundant at the larger scale? Alternatively arc the factor(s) 
determining soil moisture variability scale-independent? 
4. To identify zones of potential surface runoff (source areas) from the spatial patterns of soil moisture. 
5. To understand the hydrological functioning of gullied catchments through the determination of the 
continuity of overland flow pathways and subsequently the potential for the occurrence of widespread 
runoff based on the spatial sequence of source areas and the existence of critical thresholds 
6. · To determine whether the spatial" extent and severity of erosion is related to the spatial pattern of soil 
moisture and the development of continuous overland flow pathways. 
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7. To identify the implications and research needs for the hydrological monitoring and management of areas 
displaying heterogeneity in hydrological response. 
3.1 Field Methodology 
Spatial variations in soil moisture are most likely to be greatest where the known factors controlling soil 
moisture are also spatially varied ie. a spatially uneven vegetation cover and uneven topography exposing 
several varying soil textures is likely to show a greater spatial variation in soil moisture than a uniform slope 
with a uniform vegetation cover. Gullies as compared to inter-gully zones represent areas where topographical 
non-uniformity is greatest. They also represent areas where several differing lithologies may be exposed 
through dissection. Gullies also have a greater spatial variation in vegetation cover compared to the more 
stable inter-gully areas. Therefore gullies when compared to inter-gully zones have a greater range in 
variation of the factors known to control soil moisture and hence are expected to be areas showing high 
spatial and temporal variations in soil moisture. Gullies are also areas of active erosion and pose the greatest 
threat, through headward extension and lateral expansion to the surrounding and potentially productive inter-
gully zones. Gullies therefore, represent areas in need of critical soil conservation management. Hence gullies 
and their contributing watersheds were chosen as the most appropriate areas in which to fulfil the research 
aims outlined in section 3.0. 
Three gullies and their catchment areas, one in each land use, as described in Chapter 2 (matorral gully, forest 
gully, bench terrace gully), were selected on the basis of the following criteria, the first three of which are 
aimed to maximise the variation in those factors believed to be controlling soil moisture distribution : 
I. Each gully should have a high degree of lithological variation in terms of its texture. compactness and 
thickness of sedimentary horizons. 
2. Each gully should have a spatially non-uniform vegetation cover so that both bare and vegetated areas are 
represented. 
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3. Each gully should show a range of topographical characteristics including, slope gradient, profile and 
form. 
4. The catchment area of each gully should be similar. 
5. Each gully should be located within the same geological unit as represented on the Mapa Geologica de 
Espana (I :50,000) Valdepenas de la sierra. 
6. Taking the above into consideration each gully should as far as possible be representative of other gullies 
in its land use type. 
3.2 Soil Moisture Measuring Network 
In order to characterise the spatial variability in soil moisture across a gully catchment, the sampling strategy 
needed to be one which gave complete spatial coverage of the catchment. Complete and equal spatial 
coverage of an area is best achieved using a grid sampling strategy. This is also preferable and advantageous 
in later geostatistical analysis of the data set. According to Trangmar et al. (1985) and Webster and Oliver 
(1990), regular sampling based on an equilateral triangle design is the most efficient for geostatistical 
analysis. However, regular sampling based on square or on rectangular grids will also give acceptable levels 
of precision, with the advantage over equilateral triangles in that they are easier to construct (Trangmar et al., 
1985; Webster and Oliver, 1990). A grid sampling system also allows easier identification of anisotropy 
within the data set. The sampling of soil moisture content was therefore based on a rectangular grid 
constructed over each of the gullies and their watersheds (from here on termed as gully grids). with each point 
in the grid separated by a distance of Sm (figure 3.1 ). Although these gully grids were laid down as unit 
ground lengths in the field, within this thesis they have been displayed as artificial rectangular grids so as to 
remove distortion of the grids resulting from uneven terrain and so allowing for an easier interpretation of 
spatial patterns. However, the use of artificial rectangular grids causes displacement of the grid points as 
compared to their true ground positions. The degree of displacement between the true grids as laid down in 
the field and the artificial rectangular grids used in this thesis arc detailed in appendix I (page 264). A 
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location marker (a wooden stake) was inserted at each 5 m intersection on the gully grids. The TOR rods were 
at a sufficient enough distance from the stakes to be unaffected. These markers also acted as erosion pins 
allowing the spatial measurement of erosion across each gully grid . The refore both soil moisture and 
erosion/deposition were recorded at the same sampling location and at the spatial scale of 5m across the gully 
grids. 
Figure 3.1 . Co nstru c ti o n of a rectangular grid over the forest gu lly. 
Gully Grid- SxSm intersections 
~ 
35m 
I 
105m ~ . 
I Digh• l Tw•io Modol 
of th e Fores t Gul ly 
To characterise soil moisture variabi li ty at different spatial scales a nested sampling strategy was adopted. 
According to Vieira et al. ( 1981), Wilding (1985), Webster and"0 1iver ( 1990); 01iver and Webster (1991) and 
Burrough ( 1993) a nested sampling design is the best and most effic ient sampling strategy which can be used 
to identify spatial and temporal structures. [t also has the advantage over other sampling designs in that 
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"several orders of magnitude of scale can be covered in one design· to reveal' the approximate scale of spatial 
\'(/riation" (Oiiver, 1987; Oliver and Webster, 1991). 
Nested sampling strategies designed specifically for measuring variations in soil water content have been used 
by Tomer and Anderson (1995) and Nyberg (1996). After the first measurement of soil moisture content for 
all three gully grids it was clear that soil moisture could vary considerably over a distance of less than Sm. To 
characterise and explain this small scale variability in soil moisture a second grid (from here on termed a 
minigrid), nested within a SxSm cell of the gully grid was constructed with sampling intervals of I m. The 
5x5m cells of the gully grids chosen for the location of the minigrids were selected where variability in soil 
moisture was high between the four 'anchor' points of the gully grid (anchor points are the four sampling 
locations which make up a SxSm cell within the gully grid - see figure 3.2 for a visual explanation). The cells 
selected for the minigrids were therefore areas displaying considerable short range variability in soil moisture. 
which could not be characterised and explained by a 5x5rn sampling strategy. Erosion/deposition was not 
measured within the·rninigrids because of the closeness of the sampling points, which would have resulted in 
too much disturbance when measured. To characterise soil moisture variability at a larger spatial scale, an 
800m long transect line was constructed linking the forest gully grid to the matorral gully grid. Soil moisture 
was sampled at 2Sm intervals along this transect line (figure 3.2). 
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Soil rno i~ture content was therefore measured at 528 points covering three spatial scales, these being 25m, 5rn 
and I m, using a nested grid and transect line sampling su-ategy. Erosion/deposition was measured at one 
spatial scale, this being at the gully grid scale, 5x5m. A summary of the gridsllransecl lines dimensions, the 
spatial scales studied and the number of sampling points used in the soil moisture measuring network is given 
in table 3. 1 and figure 3.3. 
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Table 3.1. Summary of lhe gridflransecl dimensions, spalial scales and lhe number of sampling 
poinls used in lhe soil moisiUre measuring nelwork. 
Sample Localion Spalial Lenglh W idlh Area No of Sampling 
Scale (m) (m) (m') Poinls 
-;-;--,--~---;;--;;-···-----·-·---------·--------·------------------ ............... - .. .. 
Malorral Gully Grid 5x5m 75 30 2250 112 
Foresl Gully Grid 5x5m 105 35 3675 170 
Bench Terrace Gully Grid 5x 5m 30 70 2100 I 05 
Minigrids lxlm 5 5 25 36 
Transecl Line 25m 800 33 
Tolal 528 
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Figure 3.3 . Digital terrain models of th e three gull y ca tchm en ts and th e minigrids, showi ng the 
location of the minigrids within each gully ca tchm ent. 
M atorral Gully Catchment 
Num ber of Sampling Poin ts= 112 
Area= 2250m' 
Number of Sampl ing Points = t70 
Area = 3675m· 
52 
Number of Sampling Po ints= 36 
A rea= 25m' 
I 
Number of Sampling Poin ts= ]6 
A rea = 25m• 
Number uf Samp ling Points= 36 
Area= 25m' 
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To ensure soi l moisture values were comparable between gullies and between scales, all 528 sampling points 
were measured within the same day with the exception of March 8, May 20, July 11 , January 26,27,28 and 
February I (table 3.2), whe n equipment failure or poor weather conditions inhibited the measurement of all 
sampling points. Given these exceptions, comparable soil moisture values were recorded on 16 occasions 
between gull y grids and minigrids and on 13 occasions between all sampling points at all scales (table 3 .2). 
This temporal sampling strategy permitted variabi lity at different temporal scales (daily, seasonal , drying 
out/wetting up) to be evaluated (table 3.2) 
Table 3.2. Examples of the temporal sca les of measurement and the dates fo r each si te when soil moisture 
was record ed . 
Date M uornl Forest Be nch Terrace M alorral Forest Bench Terrace Transect 
Gu ll y Grid Gully Grid Gully Grid Mini rid Mia i~rid Miai,rid Liae 
M arch 8 1995 .r 
Temporal Snlu May201995 .r .r .r 1 
July 11 1995 .r .r <I 
* * 
.r 
Seplember 8 1995 
* * 
<I 
* * * 
, 
Seplem ber 14 1995 
* 
.r , 
* * * 
, 
~-~ Oclub<r 27 1995 * .r * * .r * .. Oclober 28 995 .r .r 
* * 
.r 
" " Oclub<r 30 1995 
" 
.r .. 
" * 
.r .. Se <HoD 
o,,,.,o.,,L -
D•l Nuvtmber I 1995 
* * 
, 
* * 
il , 
'" 
In 
Scuun o.,- Nnvember 4 1995 il il , il il il , 
Wc111n1 lip JanUOIV 26 1996 * 
.. 
Pt iiCHh r- -L=.c January 27 1996 .r .r .. .r 
" 
il 
Jan UOIV2X 199ft I .r <I .r I I 
Jan uary 30 1996 
* 
.r , 
* * * 
---.,--
Febuuy I 1996 
* 
'----- - - - 1- - -- Febuary 2 1996 .r .r .. I .r I _L 
L- -
- - Febuuy 4 1996 
* * 
.r I .r .. 
" M arch 28 1996 
* * 
, 
* * * " March 30 1996 I .r .. I 
* * 
, 
April I 1996 .r .r .. I .. 
" 
.. 
.,_ = indicates when soil moiSture was measured . 
3.3 Field Measurements 
3.3.1 Soil Moisture Measuring Technique - Time Domain Retlectometry (TDR) 
It was essentia.l that the technjque used to measure soi l moisture content comply with the following cri teria: 
I . Since soil moisture (and eros ion) at the same location were to be recorded through time, a measuring 
techn ique which involved non-destructive sampli ng and mi nimal disturbance was required . 
2. With over 500 measuring points located over a I km2 area to be measured within one day, a rapid , 
reliable and portable measuring technique is essential. 
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The sampling technique chosen for soil moisture determination and which met the above criteria was Time 
Domain Reflectometry (TOR). 
Time Domain Reflectometry (TOR) has become a popular and widely used technique for rapid, reliable and 
routine monitoring of in situ volumetric soil water content (Topp and Davis, 1985; Dalton and Van 
Gimuchten, 1986; Zegelin et al., 1989; Topp et al., 1982b; Rajkai and Ryden, 1992; Knight, 1992; Whalley, 
1993; Jacobsen and Schjonning, 1993a). Its suitability for making large numbers of field measurements and 
for monitoring soil water content over long periods of time makes TOR especially attractive for studies 
detailing spatial and temporal variations in soil water content (Topp et al., 1982b; Dallon and Van Genuchtcn, 
1986; Rajkai and Ryden, 1992). Rajkai and Ryden ( 1992) have concluded that 
"TOR is a technique ll'ith ll'hich the spatial variation of soil moisture co/ltelll call he studied ll'ith mjficiellt 
efficiency 011 an approximate spatial scale". 
The increasingly preferential use of TOR over other techniques such as gravimetric sampling and the neutron 
probe, for the determination of soil moisture content stems from the overwhelming advantages associated 
with TOR compared to these other techniques. In comparison to gravimetric sampling the TOR is non-
destructive and hence allows the same site to be monitored over time, it is less time consuming, is more 
suitable to large scale studies, allows continuous measurement throughout a precipitation event providing 
detailed information on infiltration and water distribution in•the soil profile and provides immediate results on 
soil water content. In comparison to the neutron probe some of the advantages of TOR outlined above apply 
again in addition to the ability to measure close to the soil surface, having a 'universal' calibration equation 
(see below), having no radiation hazard, resulls in less disturbance to the soil and is more flexible and 
convenient allowing a wider application to lield studies (Topp et al., 1980; Topp and Davis, 1985; Oallon and 
Van Genuchten, 1986; Zegelin eta/., 1989; Nielsen eta/., 1995). 
The principal of time domain rellectometry is founded upon the unique relationship existing between the 
dielectric constant of soils and the volumetric moisture content, whereby the dielectric constant of soil is 
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primarily related to water content (Topp et al., 1980, 1982a, 1982b; Rajkai and Ryden, 1992; Knight, 1992; 
Whalley, 1993; Heimovaara and de Water, 1993). Therefore a 
"simple and reliable measurement of the dielectric constant ................ would be a practical and effective 
measure of soil water content" (Topp et al., 1982a). 
The dielectric constant of soil can be determined by measuring the propagation velocity of electromagnetic 
waves through the soil surrounding the transmission line probes embedded in the soil (Topp et al., 1980, 
1982a; Knight, 1992; Whalley, 1993). When the transmission line probes are of known length, the velocity of 
an electromagnetic wave can be determined by measuring the time for the wave to travel the known length of 
the probes (Topp et al., 1982a; Knight, 1992; Rajkai and Ryden, 1992; Whalley, 1993). The dielectric 
constant can thus be found by: 
Ka = (ct/L)' (I) 
where Ka is the dielectric constant, c is the speed of light (3x I OK m sec·1), t is the travel time and L is the 
length of the transmission probe (Topp et al., 1982a). Once Ka has been determined the volumetric water 
content ev can be found using an empirical polynomial equation proposed by Topp et al. (1980): 
ev = -5.3xl0·2 + 2.92x10"2 Ka -5.5xl0"' Ka2 + 4.3x10"6 Ka' (2) 
Equation (2) was shown by Topp et al. ( 1980, 1982a) to be valid regardless of soil type (sandy loam - clay), 
soil density ( 1.04 - 1.44 g cm·\ soil temperature, soluble salt content and even valid for an organic soil 
(range in organic matter for mineral soil was 1-6%), when measured at a range of water contents from air dry 
to saturation. The standard error of the estimate for this equation and all the soils used in the study was only 
1.3% (Topp et al., 1980). Because of its apparent validity in a range of soil types and under different 
conditions of wetness, this equation was considered 'universal' (Knight, 1992; White et al., 1994). Jacobsen 
and Schjonning ( 1993a) have claimed to have improved the equation fore, proposed by Topp et al. ( 1980) by 
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including linear terms of dry bulk density, organic matter and clay content. However these improvements 
were 
"small compared with the rmcertainty of the measurement of dielectric constant and of water content 
determined gravimetrically" (Jacobsen and Schjonning, 1993a). 
When using field data the inclusion of bulk density in the calibration resulted in no improvement of the Topp 
et al. (1980) equation (Jacobsen and Schjonning, 1993b). Dasberg and Hopmans (1992) and White et al. 
(1994) have reported that the equation proposed by Topp et al. (1980) is only applicable to coarse textured 
soils and that fine textured soils have a lower dielectric constant at the same water content compared to coarse 
textured soils and hence the calibration will be different to that proposed by Topp et al. (1980). Robinson et 
al. ( 1994) have further reported that the presence of iron minerals, in particular magnetite can influence soil 
dielectric constant significantly as measured by TDR. The dielectric constant is greatly effected in the 
presence of 15% magnetite and the TDR signal most affected during wet conditions (Robinson et al., 1994). 
In uniformly wet soils the TDR technique has been shown to provide accurate determination of the soil water 
content (Topp et al., 1980). The TDR technique has also been shown to give accurate average water contents 
over a given depth even when the water is not uniformly distributed over that depth (Topp er al., 1982a). The 
water content measured by TDR was found to give the same as average water content to within I% in 
extremely non-uniform conditions (Topp er al., 1982a). The TDR technique was also found to be useful in 
detecting and monitoring the progression of wetting front advance through the soil (Topp et al., 1982a). Topp 
et al. ( 1982a) have reported that large changes in soil moisture with depth along the transmission probes 
results in a noticeable trace (reflection) on the TDR wave form. Nadlcr et al. ( 1991) and Dasbcrg and 
Hopmans (1992) have however, reported difficulties in wave form interpretation when the transmission 
probes were inserted in soil with abrupt changes in water content leading to sometimes considerable errors in 
the estimation of soil water content. 
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Soil moisture contents determined by the TOR technique can be correlated and thus the TOR calibrated by 
taking adjacent gravimetric samples and determining the volumetric soil water content for these samples. 
Topp et al. (1982b) found that differences in soil moisture content between the TOR and gravimetric samples 
were always less than 3%. Dasberg and Dalton (1985) and Nielsen et al. (1995) found a correlation of r = 0.84 
between TOR and gravimetrically determined soil moisture contents. Nyberg (1996) reported a correlation of 
0.5 between TOR and gravimetrically determined soil moisture content and accepted this as a validation of 
the TOR's accuracy. Rajkai and Ryden (1992) reported a small but still significant correlation of r = 0.32 
between TOR and gravimetric soil moisture data. Dasberg and Dalton (1985) and Jacobsen and Schjonning 
( 1993b) have suggested that differences between gravimetrically determined soil water content and the TOR 
may be due to spatial variability in soil structure and/or texture in the horizontal planes of the measuring 
volumes. All points in the sample volume of the gravimetric method are given the same weight whereas the 
measuring sensitivity (see below) of TOR is highest in a small volume around the probes (Jacobsen and 
Schjonning, 1993b). Therefore small scale variation in soil structure ie. root channels, cracks and texture ie. 
stones around the TOR probes might result in high variations in TOR measured soil moisture content 
(Jacobsen and Schjonning, 1993b). Differences between the TOR and gravimetric water contents does not 
imply that either measurement is in error, but only that each is measuring a different volume (Jacobsen and 
Schjonning, 1993b). 
"A critical question which arises when using the TDR technique is: what is the volume of the surrounding soil 
ove~ which soil water content is sampled?" (Knight, 1992). 
Baker and Lascano ( 1989) have reported that it is also necessary to know what the spatial distribution of 
probe sensitivity is within the volume measure<.l. Baker and Lascano ( 1989) and Knight ( 1992) have reported 
that for parallel wire probes, measurement sensitivity is concentrate<.~ close to the probes. Baker an<.l Lascano 
(1989) have reported that the sensitivity of two parallel probes 5 cm apart and 0.3175 cm in diameter, was 
largely confined to a quasi-rectangular are~ of approximately I 000 mm' surrounding the waveguides. Beyond 
this area, sensitivity is lower, but does extend to an area of approximately 4000 mm' (Baker and Lascano, 
1989). Little variation in sensitivity was found along the length of the transmission probes (Baker and 
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Lascano, 1989). Knight (1992) and White et al. (1994) have reported that the spatial sensitivity of TOR 
probes is a function of the ratio between wire spacing and wire diameter. If the probe diameter is small 
compared to the spacing of the probes then sensitivity is strongly concentrated around the probe to the point 
of a 'skin effect' and large errors can occur if the probes are not in contact with the soil ie. air gaps (Baker and 
Lascano, 1989; Knight, 1992). Therefore the probe diameter should be as large as possible compared to probe 
spacing (Knight, 1992). However, thin probes are more desirable because of easier insertion into the soil and 
minimal soil compaction and disturbance (Knight, 1992; Topp and Oavis, 1985). In recognition of this 
dilemma, Knight (1992) has recommended that the ratio of probe spacing to probe diameter should not be 
greater than 10. White et al. (1994) recommended that probe diameter should be at least 10 times the mean 
pore size or particle size. 
The configuration of TOR probes is commonly in the form of a two wire parallel probe, although Zegelin er 
al. (1989) have presented a three and four wire probe (Topp et al., 1980, 1982a, 1982b; Topp and Oavis, 
1985; Knight, 1992; Whalley, 1993). The choice of probe configuration will be dependent upon the spatial 
sensitivity of the probe, its reliability, ease of insertion, simplicity, robustness, degree of soil disturbance and 
cost of manufacture (Topp and Oavis, 1985; Knight, 1992; White et al., 1994). Zegelin et al., (1989) have 
reported that three and four wire probes are more reliable, more accurate and produce a sharper signal which 
is easier to interpret than two wire probes. However the four wire probe is disadvantaged in that its insertion 
causes greater soil disturbance than two wire probes (Zegelin et al., 1989). Knight ( 1992) has reported that 
two wire probes are better suited to field use. Nadler et al. ( 1991) and Oasberg and Hopmans ( 1992) have 
compared two wire probes with three wire probes and concluded that both give similar results and arc equally 
adequate in determining field soil moisture contents. 
3.3.1.1 Procedure used in this Research 
At each measuring point for all scales soil moisture was measured using time domain reflectometry (TOR). A 
Tektronix 1502c TOR cable tester was used to generate and display the TDR waveforms. The point of 
waveform reflection was determined visually in the field. Two parallel TOR rods (length IS cm, diameter 0.3 
58 
Chapter 3- Experimental Desig11, Field a11d LAboratory Methodology 
cm, spacing 4-5 cm)·(two-wire .parallel probe) were inserted vertically, but perpendicular to the soil surface 
and remained in the soil permanently, allowing consecutive measurements over a period of time for the same 
location with minimal disturbance. Since the TOR rods are 15cm in length, only the soil moisture of the upper 
15cm of the· soil was measured. In a.environment were surface processes dominate, the measurement of only 
the near-surface properties is considered appropriate. Soil moisture was calculated using the equation 
proposed by Topp et al. ( 1980). To validate the use of this equation with the soils found in this environment a 
sub-sample of TDR derived soil moisture values were correlated with gravimetrically determined soil 
moisture values (Gardner et al., 1991 ). The results of this correlation are presented below in table 3.3 and 
described in section 3.3.1.2. All TDR rods were located between 15 and 25 cm from the ·sample location 
marker/erosion· pins. 
3.3.1.2 TOR Calibration 
The cores taken for the determination of saturated hydraulic conductivity and bulk density (section 3.3.8.4) 
were also used to calculate volumetric soil water content which can be compared to TDR derived volumetric 
soil water content and thus used to calibrate the TDR (Topp et al .. 1982b; Dasberg and Dalton, 1985; Gardner 
et al., 1991; Rajkai and Ryden, 1992; Nielsen et al., 1995; Nyberg, 1996). Immediately before the insertion of 
sample cores in the field, volumetric soil water content was measured at the grid points using TDR . After 
extraction, the cores were weighed in the field using a portable electronic balance. Once the cores were oven 
dried, volumetric soil water content at the time of sampling could be calculated. The equation below was used 
to calculate volumetric soil water content for the cores. 
lly (%)=field soil weight (g)- oven dry soil weight (g) x 100 (3) 
soil volume (cnr) 
Table 3.3 and figure 3.4 shows a correlation of O.HS between TDR derived soil moisture using equation 2 
(Topp et al. 1980) and volumetric soil moisture based on all 53 samples. This result is in accordance with the 
0.84 correlation found between TDR and gravimetric determined soil moisture, reported by Dasberg and 
Dalton ( 1985) and Nielsen et ul. ( llJlJ5). The highest correlation O.lJ5. between TDR and volumetric soil 
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moisture is found between samples taken from the matorral gully. Soil moisture values from the bench terrace 
gully samples show the poorest corre lation 0 .76, although this is still significant at the 95% confidence 
intervaL The small differences in soil moisture which occur between TDR and volumetric va lues may be 
caused by the sample location of the cores used for determining volumetric soil moisture. The cores could not 
be taken in exactly the same location as the TDR rods, but were located within an area 0 .3m2 centred on the 
TDR rods. Therefore small differences in the structure and texture of the soi l measured by the TDR and that 
measured by the cores may account for the differences in soil moisture obtained by these techniques. Other 
possible causes of the differences in soil moisture values between TDR and core deri ved volumetric soi l 
moisture were outlined in section 3 .3. 1, page 53. 
Table 3.3. Ca librat ion of th e TOR usin g correlation betw ee n TOR deriv ed volumetric soil moisture 
and volumetr ic soil moisture derived from soil cores. 
Gravimetr ic / TOR So il Moisture TOR S.M. TO R S.M. TOR S.M. TOR S.M. 
Matorral Forest Bench Terrace A 11 Data 
Gravimetric S.M. - Matorral 0.95 * ------ ------ ------
(16 samples ) 
Gravim etr ic S.M. - Forest ------ 0.86* ------ ------
(2 1 sample s) 
Gravimetric S.M. - Bench Terra ce ------ ------ 0.76* ------
(16 sample s) 
Gravimetr ic S.M. - All Data ------ ------ ----- - 0.85* 
(53 sa mple s) 
*=significant at p<0.05 (95 %). 
S.M. = soil mo isture. 
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Figure 3.4 . Ca li bration of th e TOR using regression analys is between TOR derived 
vo lumetric soil moisture and volum etric soil moisture derived from so il co res. 
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3.3.2 Topographic Characteristics 
An Electronic Distance Measurer (EDM) was used to survey each sampling point on both the gu lly grids and 
the minigrids. From thi s data, height, slope angle, slope length and topographic location can be determi ned. 
This data was used to deri ve the digital terrain models (DTM's) for each gul ly grid and minigrid , sho wn in 
figure 3.3. The altitude of sampling points along the transect line was recorded using an electronic altimeter 
(accurate to 50 cm). The resulting topographical profile of this transect line is shown in figure 3.4. 
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Figure 3.5. Topographic profile or the transect line. 
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3.3.3 Vegetation Cover 
Percentage vegetation cover and litter cover wa estimated for an area 0.5m2 centred o n the sample location 
marker/erosion p ins, for all sampling po ints in the gull y grid. 
3.3.4 Rainfall Characteristics 
Rainfall characteristics (volume, intensity, duration) for the study period were recorded by a single data 
logged rainfall gauge located within 400m of the study s ites (figure 2.2, section 2.0 , Chapter 2). 
3.3.5 Erosion/Deposition 
Erosion/depos ition was recorded using erosion pins located at every sampling point o n the g ully grids on four 
occasions throughout the study period: 
July 11 1995 
November 2 1995 
February 3 1996 
March 29 1996 
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3.3.6 Soil Physical Properties 
Due to the inevitable disturbance caused by sampling for soil physical properties, no samples of this nature 
were taken until the end of the study period (April 1996) after all soil moisture and erosion pin measurements 
were completed. As it was clearly impractical to analyse samples from all 528 soil moisture monitoring points 
a sub-sampling strategy had to be devised. 
3.3.6.1 Sub-sampling Strategy 
3.3.6.2 Particle Size Distribution · Soil Texture 
Due to practical constraints, only 124 sample points were analysed for soil texture using a combination of dry 
sieving and laser diffraction. These sample points are located either within the gully grid or the minigrid 
(figure 3.6). None of these 124 points are taken from the transect line. All samples collected for soil textural 
analysis were located within a O.lm' area centred on the TOR rods ie. the soil volume between and 
immediately surrounding the TOR rods. 
3.3.6.3.0rganic Carbon and Aggregate Stability 
Organic carbon and aggregate stability determination were carried out for subsamples of the 124 samples used 
in the determination of soil texture (figure 3.6). These samples were therefore also located within a U.lm' area 
centred on the TOR rods. 
3.3.6.4 Soil Water Release Characteristic Curve, Saturated Hydraulic Conductivity and Dry Hulk 
Density 
The soil water release characteristic curve was determined from undisturbed 54 mm diameter x 30 mm (68 
cm') deep cores collected using an American Pitman corer. Due to practical constraints only 60 measuring 
points were sampled. These iiO measuring points were in the same location as 60 of t!v~ 124 points sampled 
for texture, organic carbon and aggregate stability (figure 3.6). At each measuring poilll a surface (0-3 cm) 
and a sub-surface (4-7 cm) sample core was taken, resulting in a total of 120 individual cores. 
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Saturated hydraulic conductivity (K.,J and bulk density were determined from undisturbed 9.9 cm diameter x 
12.7 cm (977 cm') deep cores extracted at the same location as the 60 points sampled for the soil water release 
characteristic curve (figure 3.6). 
All sample cores were located as close to the TOR rods as possible. In some cases however sub-surface stones 
and roots made sampling adjacent the TOR rods impossible. However, all sample cores were located within a 
0.3m' area centred on the TOR rods. 
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3.3.6.5 Criteria for the Location of the Field Samples 
The location of a measuring point for the sampling of the soil's physical properties was not in isolation 
compared to the location of other measuring points. A sample taken in isolation from its surrounding 
points would give no information as to why its soi l moisture content differs from the surrounding points. 
At the gully grid scale, excluding those samples which form the borders of the grid, every grid point is 
immediately surrounded by a further eight grid points (figure 3.7). If the central grid point is to be 
sampled for the soil's physical properties, then at least one other grid point either in the vertical, 
horizontal or diagonal plane, should also be sampled so as to determine whether the differences in soil 
moisture between the two point's is attributable to differences in the point's soil physical properties 
(figure 3.7). 
Figure 3.7. Fie ld sa m pies were taken in small clu sters rrom adjace nt grid 
po in ts to determine wheth er the dirrerences in so il mois ture betwee n two 
po in ts is attributab le to dirrerences in th e points so il physical properties. 
+ -1 > Gcid Poio" -I + + + 
+ 
Samp lin g 
Clu ster 
+ + + 
Adjacent Sampling 
+ + + + 
Points 
+ + + + 
Vertical Cluster Horizontal Clu ster 
+ + + • + + + + 
+ + + + 
+ 
+ + + + + + 1- + 
Diago nal Cluster Grouped Clu ster 
An example of two field sit uations is given in figure 3.8 where adjacent sampling is deemed necessary to 
explain the observed soil moisture variation. 
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Figure 3.8. Two hypothetica l field situ atio ns where adjacent sampling 
is deem ed necessary to exp lain the observed so il moisture variation . 
(a) (b) 
dry 
/ 
Hills lope Segments 
dry 
/ 
wet 
In situation (a) it is clear that topography is unlikely to be the controlling factor in soil moisture 
distribution. Both points therefore need to be sampled to determine whether differe nces in soil physical 
properties are the controlling factor. In situation (b) it appears that topography may be the controlling 
factor in soil moisture distribution, however both points still need to be sampled to ensure that s imi lar 
phys ical propert ies do exist between the po ints. 
The sampling of soil physical properties was therefore predominate ly undertaken in small clusters of 
adjacent grid points (figure 3.7). In an attempt to sample different areas a nd different feat ures wi thin a 
gully grid, sampling locations were spread throughout the grid. 
The location of the clusters was determined by the soil moisture content of the grid points forming the 
clusters during a wet period (February 2nd 1996). Soil moisture contents during a wet period were chosen 
because differences in moisture content for adj acent grid points are greater under wet conditions than 
during dry conditions. Thus during a wet period it is eas ier to pick out con trasting areas which may help 
elucidate the factors controll ing soil moisture. The areas selected for sampling were based on the 
fo llowing criteria: 
I. Adjacent grid points where there was a large difference in soil moisture. 
2. Adjacent grid points with similar moistu re contents, but contrasting topographical features. 
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3. Adjacent grid points with different moisture contents and different catenal positions ie. a wet grid 
point upslope and a dry grid point downslope or a dry grid point upslope and a wet grid point 
downs lope, 
Wet and dry grid points were determined by arbitrarily dividing the soil moisture content for the wet 
period using four categories of wetness: 
Category I =points with less than 20% soil moisture 
Category 2 =points with 21-29% soil moisture 
Category 3 =points with 30-38% soil moisture 
Category 4 =points with 39% or more soil moisture 
Adjacent grid points, one of which was in category I, the other in category 4 were deemed to be the most 
important sites to sample, although adjacent grid points falling into categories 3 and 4, for example, were 
also sampled. 
The minigrids were originally selected in areas of high soil moisture variation and therefore were 
automatically sites requiring analysis of the soils physical properties. 
3.4 Soil Analyses : Laboratory Analytical Procedures 
3.4.1 Porticle Size Distribution - Soil Texture 
Soil texture is an important variable in understanding soil hydrology and for providing a first insight into 
a soil's physical and chemical properties (Landon, 1993; Rowell, 1994 ). Soil texture (together with 
structure and biota) largely determines the pore size distribution of a soil and hence soil water storage 
capacity, water movemelll (hydraulic conductivity), soil drainage and soil aeration. The water holding 
capacity and water content of a soil can be greatly affected by its stoniness and clay content (Kadmon et 
al., 1989). Soil texture is also important in determining soil structure and soil stability, in particular the 
stability of pore channels and soil aggregates. The determination of soil texture is therefore essential in 
understanding the hydrological response and the susceptibility to erosion of a soil during precipitation 
events. 
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The 124 samples.taken for texture analysis were dry sieved to·less than 1.7 mm through a stack of four 
sieves; 16 mm, 8 mm, 2 mm and 1.7 mm. A subsample from the less than 1.7 mm fraction was treated 
with 6% hydrogen,peroxide (H20 2) to remove binding organic material. The sample was then oven dried 
at I 05"C for 24 hrs. To determine the particle size distribution for the less than 1.7 mm subsample a 
Malvern longbed Mastersizer X was used. This method uses laser diffraction or more correctly Low 
Angle Laser Light Scattering (LALLS) to measure particle sizes from 0.1 Jlm to 1700Jlm. The method is 
based upon the inverse proportional relationship between diffraction angle and particle size. This method 
can provide high resolutions with up to 100 size classes in the range of 0.1 Jlm to 80J.tm. The analysis used 
a polydisperse model and the presentation used was 20HD (secondary scatter) with a refractive index of 
1.54 and absorption of 0.1. The less than 1.7 mm treated subsample was subsampled again, this part being 
added to the mastersizer's sampling/dispersing bath containing I litre of water. 50 ml of 8% calgon was 
added to disperse the sample. The sample was further ultrasonically dispersed for 30 seconds. The sample 
was then analysed by the Mastersizer. Particle size distribution was calculated for each sample as gravel 
(>2000J.im), sand (<2000Jlm- >63J!m), silt (<63Jlm- >2J.tm) and clay (<2J.tm). In the following chapters 
these particle size classes have been expressed as a percentage of the whole sample. 
3.4.2 Soil Water Release Characteristic Curve 
The soil water release characteristic curve shows the relationship between water content and matric 
potential in a drying soil (Hillel, 1982; Jury et al., 1991; Reeve and Carter, 1991; Rowell, 1994). The 
shape or form of the water release characteristic curve is strongly affected by soil texture, soil structure 
and bulk density, particularly at low suctions (Hillel, 1982; Reeve and Carter, 1991). A clay soil will have 
a higher total porosity and a more uniform pore size distribution than a sandy soil, which is normally 
dominated by large size pores (Hillel, 1982; Jury et al., 1991 ). The water release characteristic curve of a 
clay soil will therefore have a greater water retention at a given suction and the slope of its curve will be 
less steep than that of a sandy soil, particularly at low suet ions (Hillel, 1982; Reeve and Carter, 1991 ). A 
known relationship between pore size and pore drainage under different suctions enables the calculation 
of the pore size distribution from the water release characteristic curve (Hillel, 1982; Reeve and Carter, 
1991; Jury et al., 1991; Rowell, 1994). The quantity of pores in a soil and their size distribution 
(classification into transmission pores, storage pores and residual pores) provides a general indication of 
the soil's physical and hydrological condition enabling statements to be made concerning soil water 
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movement and susceptibility to saturation and hence surface runoff (Landon, 1993; Reeve and Caner, 
1991; Williams eta/., 1992; Rowel!, 1994). 
Cores taken for the determination of the soil moisture characteristic curve and subsequently the pore size 
distribution were allowed to saturate for seven days before being placed on sand tables following the 
procedure outlined by Soil Survey (1982). The cores volumetric water content was determined at Scm, 
IOcm, 15cm, 20cm, SOcm and IOOcm of suction. Cores were equilibrated at each suction when the change 
in core weight from day to day was no greater than O.OSg. For the determination of volumetric water 
content at higher suctions, the soil cores were placed on pressure plates (Soil Moisture Corporation) 
where a pressure of 200cm and ISOOcm was applied to the cores. Cores were considered to be 
equilibrated at each pressure when the day to day change in drainage water weight was no greater than 
O.OSg. The cores were then oven dried at I OS"C for 72 hrs, allowing volumetric water content to be 
calculated at saturation and at each suction. The equation used to give an approximation of pore diameter 
is given below: 
Pore Diameter (mm)= 3 (4) 
d 
d = pressure (bar I KPa) 
3.4.3 Saturated Hydraulic Conductivity 
Soil saturation represents a condition where the conductivity of water through soil pores is at a maximum 
and is known as saturated hydraulic conductivity (K,,) (Selby, 19!!2; Jabro, 1992; Rowel!, 1994 ). lt is 
dependent upon pore size, pore number, pore orientation and pore connectivity, all of which are largely 
controlled by soil texture and structure. Hence coarse textured soils generally have a higher K,., than fine 
textured soils (Jabro, 1992; Rowel!, 1994). It has also been related to bulk density (Sharma and Bhandari, 
1989; Jabro, 1992; Shafiq er al., 1994), organic material content (Ohu et al., 1994) and soil stability. 
Below saturation, the conductivity of a soil is also dependent upon the soil water crmtent, being greater 
the higher the water content (Hillel, 1982; Brady, 1990; Jury et al., 1991 ). Values of K.., may be used as a 
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measure of soil structure (Hartge, 1991) and can also give an indication of how quickly infiltrated water is 
redistributed away from the soil surface and thus the time to ponding and surface runoff (Jabro, 1992). 
Cores taken for the determination of saturated hydraulic conductivity (K,.,) were allowed to saturate for 
72 hrs before being tested using a falling head permeameter. Each core was run 5 times and the average 
of the 5 runs was calculated for saturated hydraulic conductivity. Saturated hydraulic conductivity was 
calculated using the equation below: 
3.4.4 Dry Bulk Density 
1<.,31 (cm s" 1) = (2.302 X a X 12.7) X (logH0 - JogH 1) (5) 
A 
a = area of manometer tube ( cm2) 
A= area of sample (cm2) 
H0 = initial head (cm) 
H1 =final head (cm) 
t =time of test (sec) 
Measurements of dry bulk density can be used as a guide to soil compaction and porosity, both of which 
will control the amount and rate of water moving through the soil (Landon, 1984; Brady, 1990; Campbell 
and Henshall, 1991; Rowell, 1994 ). Bulk density is dependent upon soil texture, structure, biological 
activity and most significantly land use management (Ekwue, 1990; Brady, 1990; Kuznetsova, 1991; 
Rowell, 1994; Tamminen and Starr, 1994 ). 
After measuring saturated hydraulic conductivity the cores were oven dried at I 05°C for 72 hrs for the 
calculation of dry bulk density. Dry bulk density was calculated using the equation below: 
Bulk Density (g cm.3) = soil mass (g) (6) 
soil volume (cm3) 
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3.4.5 Organic Carbon 
"Organic materials are responsible perhaps, more than any other single factor, for the stability of soil 
aggregates" (Brady, 1990). 
Organic material therefore supplies the major soil aggregate forming cements, improving and maintaining 
soil structure and therefore important to the hydrological functioning and erodibility of a soil (Ekwue, 
1990; Rowell, 1994; Miller and Donahue, 1995). The organic material content of a soil is dependent upon 
the plant density and the plant species type as well as the biological activity, the climatic conditions and 
the land use management (Brady, 1990). 
The organic carbon content of the fine earth fraction ( <2.00mm) was measured by high temperature 
catalytic oxidation with uon-dispersive infra red detection using a Shimadzu 5000 total organic carbon 
analyser. 
3.4.6 Aggregate Stability 
"The erodibility of soil is essentially related to the stability of soil aggregates" (Thornes, 1980). 
The stability of soil aggregates is to a large extent dependent upon soil organic material (Panabokke and 
Quirk, 1957; Grieve, 1979a; Guerra, 1994), and in particular the source and type of organic material 
(Albrecht et al., 1992; Graham et al., 1995; Teman et al., 1996a). Gertis et al. (1990), Perfect and Kay 
(1990), Albrecht et al. (1992) and Ternan et al. (1996a) have argued that it is the finer, colloidal organic 
materials which are more important in stabilising soil aggregates rather than coarser organic material. The 
soils textural composition may also affect the stability of soil aggregates (Buschiazzo et al., 1995). In 
general clay has a cementing effect, forming complexes with organic materials and binding other soil 
particles together increasing aggregate stability (Brady, 1990; Lee and Foster, 1991 ). However if the clay 
fraction is dominated by smectite clays (swelling clays), then aggregates may be vulnerable to rapid 
dispersion and breakdown upon wetting (Ternan et al .. 1996a). The stability of soil aggregates is also 
dependent on biological activity (Lee and Foster, 1991; Rampazzo et al., 1995), freeze-thaw processes 
(Staricka and Benoit, 1995), landscape position (Pierson and Mulla, 1990), sesquioxides (Gertis et al., 
1990; lgwe et al., 1995), soil and soil water chemistry (Ternan et al., 1996a) and the aggregates initial 
moisture content and the rate of wetting (Panabokke and Quirk, 1957; Grieve, 1979a, b; Utomo and 
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Dexter, 1982). Ternan et al. ( 1996a) have also stressed the importance of past and present land use 
management in controlling the amount and type of aggregate forming cements and therefore the stability 
of soil aggregates. Aggregate stability provides a quantitative indication of the soils susceptibility to 
erosion (Grieve, 1979a, b; Ternan et al., 1996a). Stable aggregates are critical for maintaining the surface 
soils structure and hence its permeability during a precipitation event, permitting infiltration and reducing 
the potential for surface runoff and erosion (Grieve, 1979a; Guerra, 1994; Rasiah and Kay, 1995; Ternan 
et al., 1996a). 
Aggregate stability was tested using laboratory rainfall simulation (Ternan et al., 1994, 1996a). Samples 
were sieved to derive 25 4.0-5.6mm air dried aggregates. These aggregates were placed on a 2.8mm sieve 
ami subjected to 40 runs of simulated rainfall with an intensity of c 45mm hr 1 with a mean drop size of 
583~m (S.D. 251 ~m). Each run lasted 30 seconds, separated by a I 0 second interval used to count the 
surviving aggregates. At the end of each rainfall simulation, surviving aggregates were destroyed to check 
for stones. A mean Rainfall Simulation Survival Index (R.S.S.l) was calculated for each sample using 
equation 8 (Ternan et al., 1996a). 
R.S.S.I (%)=(A+ B + c +D) X 100 (8) 
4 
A=~ of aggregates surviving after 3.8 mm of rainfall 
Total ~of aggregates 
B = N° of aggregates surviving after 7.5 mm of rainfall 
Total ~of aggregates 
C = N° of aggregates surviving after 11.3 mm of rainfall 
Total ~of aggregates 
D = N° of aggregates surviving after 15 mm of rainfall 
Total N° of aggregates 
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3.5 Geostatistical Methods 
Geostatistics is a relatively new and to many an unfamiliar analysis tool for characterising and 
interpreting spatial data in the physical sciences. The theory and concepts behind geostatistics may at first 
seem complicated and the usefulness and interpretation of the results it provides not obvious. Therefore a 
lengthy but necessary detailed and informative discussion of geostatistical methods and its significant 
relevance to this research is presented below. 
3.5.1 Classical Statistics 
Classical statistical tools are not applicable in the analysis of spatial and temporal structures because they 
assume that variation is randomly distributed and hence spatially uncorrelated (Trangmar et al., 1985; Di 
et al., 1989; Mun01.- Pardo et al., 1990; Oliver and Webster, 1991; Cambardella et al., 1994). Using 
classical statistics, variability about the sampling mean is considered random and therefore samples are 
independent of each other regardless of their separation distance and geographic location (Trangmar et 
al., 1985; Cambardella et al., 1994). Furthermore classical statistics assumes that for interpolation, the 
sample mean will be the expected value everywhere within the sampling unit (Trangmar et al., 1985; 
Oliver and Webster, 1991). Therefore classical statistics is inadequate for the interpolation of spatially 
dependent variables (Trangmar et al., 1985; Munoz- Pardo et al., 1990). Wilding ( 1985) has also argued 
that classical statistics cannot further our knowledge and understanding of the causal factors responsible 
for the observed soil property variations. Geostatistical techniques are now considered to be far superior 
than classical statistical techniques for describing, interpolating and understanding the causal factors, of 
spatially and temporally structured soil variables (Yieira et al., 1981; Trangmar et al., 1985; Oliver and 
Webster, 1991; McBratney, 1992; Burrough, 1993). 
3.5.2 Gcostatistics 
Measurements taken at different locations arc usually not completely independent, but are correlated up to 
a certain distance (Addiscott, 1993; Comcgna and Basile, 1994 ). Thus it is generally accepted that 
samples collected close to one another are more similar than samples collected further apart (Oiiver and 
Webster, 1991; Cambardella et al.. 1994). 
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"Soil properties are contimwr1s variables whose values at ar1y location can be expected to vary according 
to direction and distance of separation from neighbouring samples. By so varying, soil properties exhibit 
spatial dependence within some localised region" (Trangmar et al .. 1985). 
Geostatistical techniques are proven to •be ideally applicable to the description of-this spatial dependence 
(Oiiver and Webster, 1991). The application of geostatistical techniques to a wide range of environmental 
data to quantify spatial and temporal structures is becoming increasingly more common (Davidson and 
Watson, 1995). Geostatistics comprises a set of statistical tools (see below) which can be used to describe 
both the structured and the random characteristics of spatially distributed variables (Trangmar et al., 
1985; Oliver, 1987; Webster and Oliver, 1990; Oliver and Webster, 1991 ). Geostatistics also allows for 
optimal and unbiased estimation as well as proving valuable for designing efficient sampling schemes 
(Trangmar et al.. 1985; Webster and Oliver, 1990; Oliver and Webster, 1991 ). Through geostatistical 
analysis, identification of the underlying structure of soil properties can be used to understand or begin to 
explore the underlying processes responsible for the variation (Trangmar et al., 1985; Oliver, 1987). 
Geostatistics is applicable to all scales of investigmion and even if the soil is believed to be homogeneous, 
greater information on spatial variability can be sought through geostatistical analysis (Grerninger et al .. 
1985; Oliver, 1987). Geostatistics is based on the theory of regionalised variables (Journel and Huijbregts, 
1978). A random variable becomes a regionalised variable z (x) when it takes different values z according 
to its location x within some region (Trangmar et al., 1985). A regionalised variable z (x) may therefore 
be considered as a realisation of a random variable Z for a fixed location x within the region (Trangmar et 
al., 1985). If the values of z (x) at all locations within the region are taken into account, then each 
regionalised variable z (x) becomes a member of an infinite set of random variables Z (x) for all locations 
within the region (Trangmar et al., 1985). This set of random variables is called a random function 
because it relates a random variable Z with any location x (Trangmar et al., 19R5). The theory of 
regionalised variables provides the theoretical foundations for the analysis of spatial dependence using 
variograrns (Trangmar er al., 19K5) 
3.5.2.1 Stationarity 
An often problematic assumption required for geostatistical analysis is that of stationarity (Trangmar et 
al., 1985; Webster and Oliver, 1990; Oliver and Webster, 1991; Pohlmann, 1993). Jloth stationarity and 
the weaker assumptions of stationarity known as the intrinsic hypothesis 
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"requires that the expected value of the dijfere11ce (varia11ce) between a11y two samples depe11ds 011 the 
distance between them, bU111ot 011 their locatio11 in the sampled regio11" (Trangmar et al., 1985). 
Thus the structure of variation can be regarded as constant within a given region, regardless of geographic 
location (Oiiver, 1987). The occurrence of non-stationarity in data increases as the sampling distance 
increases due to the decay in spatial covariance (Trangmar et al., 1985; Pohlmann, 1993). Therefore the 
assumption of stationarity becomes increasingly valid over shorter distances (Trangmar et al., 1985; 
Pohlmann, 1993). Stationarity over relatively short distances or restricted areas is known as quasi-
stationarity and may be used to validate stationarity in geostatistical analysis when non-stationarity over 
larger distances occurs or can be used when trends, hence non-stationarity in the data are present 
(Trangmar et al., 1985; Pohlmann, 1993). 
3.5.2.2 The Variogram 
A fundamental statistical tool necessary for geostatistical analysis is the vanogram (Journel and 
Huijbregts, 1978; Webster and Oliver, 1990; Oliver and Webster, 1991 ). The variogrmn summarises the 
variation of a property within a region by mathematically expressing the change in variance of the 
property as the distance and direction separating any two points varies (Oiiver and Webster, 1991; 
Webster and Oliver, 1992). Thus the variability between two values z (x) and z (x+h), at two locations x 
and x+h separated by the distance h, can be characterised by the variogram function y (x,h), which is 
defined as half the expected squared difference between values (Journel and Huijbregts, 1978; Oliver and 
Webster, 1991). 
y (x,h) = V:>E [ ( z (x) - z (X+h)2 ] (9) 
Given the intrinsic hypothesis, the vanogram is only a function of separation distance h and not of 
location x. Thus )'(x,h) = )'(h) (Pohlmann, 1993). In the variogram, h represents both distance (h) and 
direction (¥) (Journel and Huijbregts, 1978). For each distance or lag (h) the semi-variance can be 
computed by comparing all neighbouring pairs of observations at that lag (Webster and Oliver, 1990). By 
varying the distance or lag in discrete steps an ordered set of semi-variances can be obtained (Webster 
and Oliver, 1990). The variogram is thus constructed by plotting the semi-variance for each lag against 
increasing lag distance (figure 3.9) (Trangmar et al., 1985; Webster and Oliver, 1990; McBratney, 1992). 
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Thus pairs of measurements (z(xi), z(xj)) are grouped into classes according to their separation distance 
(h(xi, xj)) (Pohlmann, 1993). The more alike the pairs are then the smaller the semi-variance and the 
smaller the variability · and vice versa (Burgess and Webster, 1980; Cambardella et al. , 1994). The 
variograrn will become more erratic with increasing lag distance since the distance between pairs of 
points is greater and fewer data points are available for computing the semi-variance (Burgess and 
Webster, 1980). 
y 
Figure 3.9. Variogram of a reg ionalized va ri able show ing the 
sill (C=C,+C.}, the range (a} , the spatially related variance (C,) 
and the nu gge t variance (C.). 
si ll 
c, 
ran ge a 
• 
................................................ t ...... . 
c. ~ nu gge t 
·L------------------------------------------h 
Source: Burrou gh (1993) 
If samples are collected at regular intervals as with a grid system, then the lag distance is generally the 
distance between the shortest sampling interval (Uehara et al. , 1985). At lag distances less than the 
shortest sampling interval the shape of the variogram and hence the form of the spatial structure is not 
known (Webster and Olivcr, 1990). Webster and Oliver (I 992) have argued that a minimum of 150 to 200 
sampling points are needed to accurately esti mate the variogram. Variograms calculated from too few 
samples wi ll appear erratic (Webster and Oliver, 1992). Furthermore, greater sampl ing at shorter lags will 
give the variogram greater accuracy (Webster and Oliver, 1992). 
The variogram can be interpreted as representing the average rate of change of a property wi th distance 
(Oiiver, 1987). The variograms shape 
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"describes the pattern of spatial variation in terms of its magnitude, scale and general form" (Oliver, 
1987). 
At short lags the semi-variance is small but increases steadily with increasing distance (Webster and 
Oliver, 1990). The steepness of the variograms initial slope gives an indication of the rate of change in a 
property with increasing separation distance and the rate of decrease in spatial dependence (Oiiver, 1987). 
A steep slope indicates a high rate of change with separation distance and a high rate of falling spatial 
dependence (Webster and Oliver, 1990). An ideal variogram, would be one where semi-variance 
increases with distance, rising to a constant value (Sill (C) - see below) at a given separation distance 
(Range (a) - see below) (Trangmar et al., 1985). Such a variogram may be interpreted as representing 
variation that is transitional such as different soil types or lithology (Oiiver, 1987). However variograms 
can and do take several forms and the semi-variance can increase indefinitely (Journel and Huijbregts, 
1978; Trangmar et al., 1985; Webster and Oliver, 1990). 
3.5.2.3 Sill Value 
If the semi-variance rises to a constant value, then the variogram is said to have a sill (C) (figure 3.9) 
(Burgess and Webster, 1980; Trangmar et al., 1985; Webster and Oliver, 1990). The sill value is equal to 
the constant value of semi-variance. The sill value (C = C1+Co) therefore includes random variance 
(Nugget variance (C0) - see below) and systematic variance (C 1) due to spatial dependence in the data 
(Burgess and Webster, 1980). Variograms with sills represent data which is stationary at the scale of 
investigation (Oiiver, 1987; Webster and Oliver, 1990). 
3.5.2.4 Range 
The separation distance (lag) at which the semi-variance becomes constant ie. the sill, is called the range 
(a) (figure 3.9) (Journel and Huijbregts, 1978; Burgess and Webster, 1980; Webster and Oliver, 1990). 
The range represents the maximum distance of spatial dependence unless there is periodicity (Journel and 
Huijbregts, 1978; Trangmar er al., 1985; Webster and Oliver, 1990; Davidson and Watson, 1995). 
Samples separated by distances closer than the range are spatially related. Samples separated by distances 
greater than the range are not spatially related, implying random variation (Journel and Huijbregts, 1978; 
Trangmar er al., 1985; Webster and Oliver, 1990). The size of the variogram range depends upon the 
scale of observation and the spatial interaction of soil processes affecting each property at the sampling 
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scale (Trangmar et al., 1985). The maximum radius from which samples are drawn for interpolation using 
kriging (see below) is defined by the range (Trangmar et al., 1985). The range value can be used as a 
guide to indicate the size of spatial classes (Oiiver, 1987; Davidson and Watson, 1995). Davidson and 
Watson (1995) used the size of the range value to indicate the size of areas of low moisture content. They 
further argued that the range could be used to indicate distances over which soil is interrelated (Davidson 
and Watson, 1995). Therefore the range may be used to express the spatial frequency of soil moisture 
changes (Davidson and Watson, 1995). Wierenga (1985) and Nash et al. (1989) have reported a range of 
maximum spatial dependence for soil water content of between 8 and 22m. Munoz-Pardo et al. (1990) 
found a range of79m for gravimetric soil water content in a agricultural field. Hawley et al. (1983) found 
a range of influence for soil moisture of 6m for topographically variable land. On fairly topographically 
uniform land the range of influence increased to 30-40m (Hawley et al., 1983). Nyberg (1996) has 
reponed for the 0-15cm layer that the variogram for soil moisture followed a spherical model with a range 
of approximately 20m. Trangmar et al. (1985) have reported variogram ranges varying from 0.6m to 
58km for a wide variety of soil properties and sampling scales. 
3.5.2.5 The Nugget Effect 
Theoretically the semi-variance should be zero when the lag distance is zero and hence the variogram 
should pass through the origin when the distance of sample separation is zero (Journel and Huijbregls, 
1978; Trangmar et al., 1985). However many soil properties display non-zero semi-variance as h 
approaches zero (Trangmar et al., 1985; Oliver and Webster, 1991). This non-zero variance is known as 
nugget variance or the nugget effect (figure 3.9) (Journel and Huijbregts, 1978; Trangmar et al., 1985; 
Oliver, 1987; Webster and Oliver, 1990; Burrough, 1993). The nugget variance (Co) represents the 
unexplained or random variance which may be caused by measurement error and/or variability within the 
soil properly which cannot be detected at the sampling scale (Journel and Huijbregts, 1978; Trangmar et 
al., 1985; Oliver, 1987). The nugget variance however usually represents spatially dependent variation 
which occurs over distances much smaller than the shortest sampling interval (Webster and Oliver, 1990). 
The size of the nugget variance will generally increase as sampling scale increases due to variance 
incurred by short range processes (Trangmar et al., 1985). A pure nugget effect occurs when the semi-
variance )'(h) equals the sill value at all values of h (figure 3.10b) (Webster and Oliver, 1990). 
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"Pure nugget effect arises from very large point variation at short distances of separation and indicates a 
total absence of spatial correlation at the sampling scale used" (Trangmar et al., 1985). 
If a pure nugget effect occurs at all scales of sampling then the best estimate is the sample mean 
computed from all sampling points in the region (Trangmar et al .. 1985; Burrough, 1993). Oliver and 
Webster (1991) argue however that because the soil is a continuum, a pure nugget effect should not occur. 
Spatial dependence of soil variables must be present at some scale (Oiiver and Webster, 1991 ). The 
nugget effect may be expressed as a percentage of the total variance (sill) allowing comparisons to be 
made between the relative size of the nugget effect among soil properties (Trangmar et al., 1985; 
Cambardella et al., 1994). A nugget effect of 0% of the sill implies zero short range variation and a 
nugget effect of 100 % of the sill implies pure nugget effect ie. random variation (Trangmar et al .. 1985). 
Cambardella et al. (1994) have used this ratio to define distinct classes of spatial dependence for soil 
variables. Since the nugget variance cannot be predicted, the size of this unexplained variance has 
important implications for kriging (see section 3.5.2.9), because it sets a lower limit to the size of the 
estimation variance and therefore to the precision of the interpolation (Trangmar et al., 1985; Oliver, 
1987). 
3.5.2.6 Variogram Interpretation 
The variogram can be a useful tool for understanding the relationship between and the causal factors of 
spatial patterns for different soil properties at the same site (Burrough, 1993). If the variograms of two 
different soil variables are similar in terms of their sill and range, then it may be that the same causal 
factor is responsible for the spatial pattern of both variables. Both variables will also have the same 
spatial frequency and therefore the spatial pattern of one variable may be dependent on the spatial pattern 
of the other variable (Davidson and Watson, 1995). The variogram has also been shown to be useful for 
indicating the occurrence of greater soil moisture variation as the soil dries out through the development 
of an increasing nugget variance (Wierenga, 1985). Temporal persistence of soil moisture patterns may be 
identified by variogram analysis (Hawley et al., 1983; Munoz-Pardo et al., 1990; Comegna and Basile, 
1994). If the variograms of soil moisture from one date to the next show a similar structure and a similar 
range then soil moisture patterns may be considered as being temporally persistent (Hawley et al., 1983; 
Munoz-Pardo et al., 1990; Comegna and Basile, 1994). The variogram can also be used to check the data 
for stationarity (Trangmar et al., 1985). Non-stationarity of data may be assumed if the variogram 
80 
Chapter 3- Experimental Design, Field and Laboratory Methodology 
exponential model reaches a sill asymptotically and the unbounded linear model does not have a sill 
because semi-variance increases indefi nitely (Journel and Huijbregts, 1978; Oliver, 1987; Webster and 
Oliver, 1990). The exponential model has been shown to represent transitional structures such as changes 
in soi l type or patches of different soil which recur, these being the main causes of the soil variation 
(Webster and Oliver, 1990, 1992). Since many variograms are approximately linear over short lag 
distances and the variogram used for kriging is usually only that part covered by the short lag distances, 
then a linear model may be fitted to the variogram (Webster and Oliver, 1990). 
Figure 3.11 . The three most common models fitted to variog rams of soil properties. 
(a) Spherical model. 
(b) Exponential m ode I. 
(c) Unbounded linear model. 
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3.5.2.9 Interpolation Using Kriging 
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Sou rce : Burrough (1993) 
"Krigi11g is a means of local estimation in which each estimate is a weighted average of the observed 
values in its neighbourhood" (Trangmar et al. , 1995). 
Interpolation using kriging differs from interpolation using class ical statistics, because the data used for 
interpolation in kriging carry different weights based on their position both in relation to the estimated 
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point and to one and other (Oiiver, 1987; Oliver and Webster, 1991; Pohlmann, 1993). When 
interpolating, kriging uses only those samples which are spatially related to the kriged location ie. those 
samples within the range of spatial dependence as defined by the variogram (Hawley et al., 1983; 
Trangmar et al., 1985). The interpolated value of a soil properly Z al any point xo is a weighted average 
of the observed values in that neighbourhood (Burgess and Webster, 1980). 
Z(xo)=§l Z(xl)+§2 Z(x2)+ ............ §n Z(xn) (10) 
§ =weights 
Sample points occurring in clusters will carry less weight than lone points and sample points lying 
between the kriged point and more distant samples will screen the distant samples so that they have less 
weight in the kriging equation (Trangmar et al., 1985; Oliver and Webster, 1991). Sample points nearest 
the kriged point will be the most heavily weighted, explaining why the variogram needs to be accurate 
only over the first few lags (Burgess and Webster, 1980; Trangmar et al., 1985). For reliable estimation, 
the number of nearest neighbouring samples required for kriging is 16 to 25 points (Trangmar et al., 
1985; Oliver, 1987; Webster and Oliver, 1990). The kriged estimates are equal in terms of volume, size 
and shape as the physical dimensions of the original samples from which they are estimated (Burgess and 
Webster, 1980). 
Kriging is an optimal interpolation technique (Trangmar et al., 1985; Burgess and Webster, 1980; Oliver, 
1987; Webster and Oliver, 1990; Oliver and Webster, 1991 ). lt is optimal because it provides unbiased 
estimates with minimum and known variance (Burgess and Webster, 1980; Oliver and Webster, 1991; 
Pohlmann, 1993). The interpolation estimate is unbiased because the weights assigned to sampling points 
used in kriging sum to I (Burgess and Webster, 1980). Kriging assigns weights to the data that minimise 
the estimation variance (Burgess and Webster, 1980; Pohlmann, 1993). By calculating the estimation 
variance (error variance) for each estimated value, kriging provides a measure of the reliability of the 
interpolation (Trangmar et al., 1985). This estimation variance is dependent upon the variogram which 
expresses the degree of spatial dependence ami on the configuration of observation poillls in relation to 
the area to be estimated (Vieira er al., 1981; Trangmar et al., 1985; Di et al., 1989; Oliver and Webster, 
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1991; Pohlmann, 1993). The estimation variance does not depend upon the actual measured values 
themselves (Oiiver and Webster, 1991; Pohlmann, 1993). The estimation variance will be reduced if 
sampling is evenly spread throughout the kriged region, highlighting the benefits of using a grid sampling 
system (Trangmar et al., 1985; Di et al., 1989). Estimation variances will always increase along the 
margins of the study region, due to fewer observation points from which the kriged estimate can be 
interpolated (Trangmar et al., 1985). Due to its optimality, kriging provides the most precise interpolation 
values possible from the available data, which can be used with known confidence (Trangmar et al., 
1985). 
Although kriging is mainly used for local estimation it can be used to provide regional estimates by 
averaging the local kriged estimates weighted by the area they represent (Oiiver, 1987). Dividing a region 
into distinct classes based on soil type, geology etc. prior to kriging can make values more meaningful, 
since estimates could be made for each class type separately (Webster and Oliver, 1990). These estimates 
based on values within a certain class type would also be more precise, since variation within each class 
would be less than in the region as a whole (Webster and Oliver, 1990). 
3.5.2.10 Other Interpolation Techniques 
There are several other interpolation techniques, apart from kriging which can be used with spatially 
dependent data (Burrough, 1993). These other interpolation techniques include trend surface analysis, 
inverse distance averaging, the fitting of exact or smoothing spline functions, regular tessellation and 
even triangulation (Burrough, 1993). Kriging however has the advantage over these other interpolation 
techniques in that it is optimal ie. it provides unbiased estimates with minimum and known variance 
(Oiiver and Webster, 1991; Burrough, 1993; Pohlmann, 1993). Kriging also has the advantage over other 
interpolation techniques in that the estimation variance can be calculated before the actual sampling is 
maue (Vicira et al., 1981 ). Kriging can be less successful compared to other interpolation techniques only 
when soil changes are abrupt (Burrough, 1993). However kriging within the distinct boundaries caused by 
the abrupt changes in soil will restore the advantages and estimation precision of kriging (Webster and 
Oliver, 1990; Burrough, 1993). 
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3;5.2.11 Types of Kriging 
There are several forms.ofkriging available for interpolation, these include point kriging, block kriging, 
co-kriging, universal kriging and disjunctive kriging (Trangmaret al .. 1985; Webster and Oliver, 1990). 
Each one of these forms of kriging has a specific interpolation purpose and all of them retain the 
optimality of kriging (Trangmar et al., 1985). 
3.5.2.12 Point Kriging 
Point kriging (sometimes referred to as punctual kriging) is the most common kriging procedure used in 
soil science (Trangmar et al., 1985). Point kriging provides estimates for single point locations within the 
interpolated study region (Burgess and Webster, 1980; Trangmar et al., 1985; Webster and Oliver, 1990). 
A disadvantage of point kriging is that because it is an exact interpolator, it may produce local 
discontinuities where interpolated points coincide with sample locations (Trangnmr et al., 1985). Point 
kriging is also particularly sensitive to the size of the nugget variance (Burgess and Webster, 1980; 
Trangmar et al., 1985). If the nugget variance is large then the estimation variances produced by point 
kriging will also be undesirably large (Burgess and Webster, 1980; Trangmar et al., 1985). 
3.5.2.13 Block Kriging 
Local discontinuities and large estimation variances produced by point kriging may be overcome by using 
block kriging which results in smoother maps and smaller estimation variances (Burgess and Webster, 
1980; Trangmar er al., 1985; Oliver, 1987). Smoother maps resulting from block kriging may be more 
desirable when regional patterns of variation are of more interest than local detail (Trangmar et al., 1985). 
Block kriging produces an estimated value for an area or block with its centre at xo, rather than values at 
points as in point kriging (Burgess and Webster, 1980; Trangmar et al., 1985). Thus in block kriging 
"the semi-varia11ces betwee11 the data poi11ts a11d the i11terpolated pui11ts are replaced by the averaxe 
semi-varia11ce betwee11 the data poi111s a11d alltlte poi11ts i11 the regio11" (Burgess and Webster, 1980). 
Therefore the kriged value of a soil properly Z for a block V is a weighted average of the observed values 
xn in the neighbourhood of the block (Trangmar et al., 1985). If the size of the block to be kriged is 
smaller than the shortest sampling interval of the variogram, then estimates will be less reliable (Webstcr 
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and Oliver, 1990). Kriging variances decrease substantially with increasing size of block (Webster and 
Olivcr, 1990; Oliver and Webster, 1991). 
3.5.2.14 Co-Kriging 
Co-kriging is a multivariate technique (McBratney, 1992). Where kriged estimates arc based on a few or 
sparsely distributed-soil property values, then estimation variances are likely to be large (McBratncy and 
Webster. 1983). However if the soil property is spatially correlated with one or several other soil 
properties (eo-variables) that have been measured more frequently, then estimates of the undcrsampled 
property can be improved by using the additional information provided by the eo-variables (McBratney 
and Webster, 1983; Trangmar et al., 1985; Oliver, 1987; Yates and Warrick, 1987). The spatial 
distribution of a soil property may often be closely related to the spatial distribution of other soil 
properties (Trangmar et al., 1986). Where two or more soil properties arc spatially correlated, then they 
arc said to be eo-regionalized and arc spatially dependent on one and other {Trangmar cr "1 .. IYK5; Olivcr. 
1987). In co-kriging the variables used must be spatially correlated and have well structured variograms 
before a well structured cross-variogram can be obtained (Trangmar er al., 1'!86; Stein er al., 1'!88). The 
cross-variogram is calculated using only the locations where both properties have been sampled 
.(Tr~ngmar er al., 1986). The range of spatial-dependence .of the undersampled ~ariablc as defined by its 
variogram is used to define the search radius for the co-kriging system (Trangmar et al., 1986). At least 
one sample point of both the undersampled and the eo-variable must be within the neighbourhood for eo-
kriging (Trangmiu- et al., 1986). Co-krigingshould produce superior results through improved estimation 
when the size of the sample correlation between the undersampled and the eo-variable is greater than 0.5. 
and the eo-variable is over-sampled with respect to the variable being estimated (Yates and Warrick, 
1987). The greater the correlation between two variables then the greater the reduction in the average 
kriging variance (Yates and Warrick, 1987). Stein er al. (1988) have reported that co-kriging resulted in 
more precise estimates (0-25% increase in accuracy) than did point kriging. Maximum benefits will be 
gained from co-kriging when using a geometric sampling scheme whereby the undersampled variable is 
regularly interspersed with the eo-variables (Trangmar et al .. 1986). Co-kriging is best employed and 
. . . 
rims! efficient when a variable is difficult or costly to sample and hence is undersampled, producing 
estimates of unacceptable precision (Trangmar '" al., IYX6; Y ates and Warrick, IYX7 ). 
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3.5.2.15 Disjunctive and Universal Kriging 
Disjunctive kriging provides estimates of the probability of a soil property being above or below given 
limits (McBratney, 1992). Thus disjunctive kriging can be used to determine the probability that a soil 
property exceeds critical thresholds (Oliver and Webster, 1991 ). In this respect disjunctive kriging may be 
an essential tool in pollution and other environmental studies (McBratney, 1992). Oliver and Webster 
( 1991) provide an excellent example of the application of disjunctive kriging to agricultural management. 
Universal kriging has been developed to allow kriging in the presence of strong trends ie. universal 
kriging can be used for non-stationary data (Trangmar et al., 1985). 
3.5.3 Application of Geostatistics to this Research 
Geostr.tistics will be an important tool in analysing and interpreting the data collected for several 
variables used in this research. In particular the variogram will be used to analyse the soil moisture data 
recorded within each gully catchment. The shape of these variograms together with the parameters which 
describe the fitted models, will provide information on the spatial pattern of soil moisture and the distance 
over which soil moisture is spatially correlated. The variograms will therefore provide an indication of the 
spatial continuity of soil moisture from which assumptions on the hydrological functioning of the gully 
catchments may be inferred. In addition to the spatial variation in soil moisture, changes in the shape of 
the variogtnms for· different measurement dates may be used to describe the temporal variation in the 
spatial pattern of soil moisture. The spatial pattern of soil moisture for different seasons (climatic 
conditions) can then;fore be des~ribed and compared. Identifying the spatial pa!tern of soil moisture a~d 
any changes through time may also provide information on the factor(s) controlling the pattern. For 
example, if the spatial pattern of soil moisture is found to be persistent through time, then this may 
indicate that the factor(s) determining the pattern are also spatially fixed. In such a case the variability in 
rainfall may be eliminated as a controlling factor of the soil moisture patterns. 
By constructing variograms of other soil properties which are known to control soil moisture, similarities 
between the shape and model parameters of these variograms and the variograms of soil moisture can be 
. . 
compared. ·when the variograms of two properties dispiay a similar shape then the spatial variation of 
these properties is comparable which may infer that the properties arc inter-dependent. Gcostatistical 
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analysis can therefore be used to indicate possible linkages between the spatial and temporal behaviour of 
the variables. 
Geostatistical analysis has been undertaken using the computer program GEO-EAS version 1.2.1 
(Geostatistical Environmental Assessment Software, U.S. Environmental Protection Agency, 1990). 
Variograms were constructed with a minimum Jag spacing equal to the minimum sampling distance 
between two points. Exceptions to this were made when it was necessary to remove 'noise' from the 
variograms, in which case the Jag distance was greater than the minimum sampling distance. At each lag 
distance a minimum of 200 sampling pairs was used to calculate the semi-variance. The presence of 
anisotropy within the data sets was checked by calculating the variograms in three directions in 
increments of 45° with a directional tolerance of +1- 22.5" (Oiiver and Webster, 1991). Anisotropy was 
judged to be present when the slope and range of the three variograms was significantly different. Models 
of the variograms were tilted by eye, on the basis that the model passed through or was as close as 
possible to the first three points on the variogram. Models were fitted on this condition since the 
calculation of semi-variance at shorter Jag distances is more reliable than at larger Jag distances due to the 
shorter separation distance between samples and the greater number of samples used to calculate the 
semJ-vanance. 
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Chapter 4 
Soil Properties: Description, Comparisons and Inter-Relationships 
4.0 Introduction 
Variability in soil moisture may be closely related to variations in soil hydrological properties, which 
re!lect its physical structure. The physical characteristics of a soil arc principally determined by properties 
such as texture, bulk density, aggregate stability, organic material content, chemical composition and 
vegetation characteristics (Blackburn, 1975; Hillel, 1982; Brady, 1990; Landon, 1993). In addition, the 
erodibility of a soil is also a function of these properties and the severity of erosion can be expected to 
vary as these properties change (Gertis et al., 1990; Martz, 1992). An analysis of the soils physical and 
hydrological properties is therefore necessary for understanding and interpreting soil moisture and erosion 
patterns within the studied areas. Deterministic relationships between the soil's physical and hydrological 
properties can also be established. 
This chapter aims to describe the physical and hydrological properties of the soils in the studied area and 
examines the inter-relationships between these properties. Comparisons are made between each of the 
three gully cinchme~ts using samples d~rived from the gully catchment and minigrid scales. However, 
distinguishing between samples taken atthe gully grid scale and samples taken at the minigrid scale is 
unproductive, since samples derived from the minigrid alone, are too -few to perform a reliable statistical 
analysis. Samples from both scales are therefore combined and no distinction between scales is made. 
Since all of the samples are derived from within the gully catchments, the samples may be considered to 
represent soil conditions at the individual gully catchment scale. 
4.1 Soil Properties 
Only those soil physical properties considered to be important 111 determining the hydrological and 
erosional response of soils are described below. These include, soil texture, pore size characteristics, 
saturated hydraulic conductivity, bulk density, organic carbon and aggregate stability (Biackburn, 1975; 
Lind, 1989; Truman and Bradford, 1990; Edwards et al., 1994; Schjonning, 1994; Oyarzun, 1995). In 
addition, vegetation cover, liner cover and the volume of roots are also considered to be important 
determinants of the hydrological and erosional response of soils and are therefore also described below 
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(Dun ne et al., 199 1; Nyberg, 1992; Snelder and Bryan, 1995; Nicolau et al., 1996; Bergkamp et al., 1996; 
Kosmas et al., 1997). 
4.1.1 Soil Texture 
Tables 4.1-4.4 provide summary stati stics of the percentage clay, silt, sand and gravel content within each 
of the three gully catchments. 
Clay content 
Within each of the three gully catchments the average percentage clay is low (less than 5%) and is 
significantly lower within the forest gully catchment compared to the matorral and bench terrace 
catchments (p<0.05) (table 4. 1 ). Although the percentage clay content of the sedi mcnts withi n the gully 
catchments is generally less than 5%, some areas with in the bench terrace gully catchment may have up 
to I 0% clay. which may reflect the nature in which the terraces are constructed. On the treads of the 
terraces the surface soil horizon is often removed. exposi ng sub-surface illuvial horizons in which clay 
may be concentrated. 
Table 4.1. Sum nury statistics or the percentage clay recorded within each 
gu lly catchment 
Summary Statistics M atorral Fores t Bench Terrace 
Clax Clar Clay 
Mean(%) 3.55 2.67 4.34 
Minimum( %) 1.04 0.68 I. I 0 
Maximum(%) 8.12 6.44 10.72 
Standard Deviation 1.74 1.31 2.09 
Variance 3.02 1.71 4.35 
Coefficient or Variation (%) 48 .93 49.10 48 .06 
Silt content 
Within each of the gully catchments the average percentage silt content is high, grellter th lln 40% and is 
(p<0.05, table 4.2). With in all three gu lly catchments the sil t content of some samples may be over 70% 
and is always above 10%. Furthermore, the average percentage si lt content is higher than any other 
particle size fraction implying that' silt is the predominant particle size within each of the gully 
catchments . 
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Table 4.2. Summary statistics of the percentage sill reco rded within each 
gu ll y catch ment 
Summary Statistics M atorral Forest Bench Terrace 
Sill Sill Sill 
--- ·······-·-·····-····-
Mean(%) 53.58 43 .33 42.41 
Minimum (%) 13.79 12.49 19.38 
Maximum(%) 79 .78 78.95 73.68 
Standard Deviation 18.37 18.83 13.39 
Variance 337.29 354 .41 179.18 
Coefficient of Variation(%) 34.27 43.45 31.56 
Sand content 
The average percentage sand content within the three gully catchments is similar and not signi ficantly 
different (approximately 25%) (table 4.3). In some sediment horizons within each of the gully catchments 
sand can be the dominant particle size (up to 57% in the forest catchment). 
Table 4.3. Su mm ary stati stics of th e percentage sand recorded within ea~h 
gully catchm ent 
Summary Statistics Matorral Fores t Bench Terra ce 
~l ean ('k) 
~t inimum ( 'k- ) 
~l aximum ('k ) 
Standard Deviation 
Variance 
Coefficien t of Variati on(%) 
Gmvel content 
Sand Sand Sand 1 
24.41 25 .97 26.77 
8 .97 1163 1293 
~ 8 . 57 57 ~8 ~8 71 
9.17 11.64 8.89 
84 .01 135.55 79 .01 
37 .55 44 .84 33 .20 
Within each of the three gull y catchments the gravel content o f the sediments can be highly variable 
ranging from almost none to over 75% (table 4.4). Within each of the gully catchments some sediment 
horizons are dominated by gravel. The forest and bench terrace gully catchments have similar average 
gravel contents whereas the matorral gully catchment has a significantly lower gravel content (p<0.05) . 
. 
Table 4.4 . Summary statis ti cs of the percentage gravel reco rded with m each 
gu lly ca tchm en t 
Summary Statistics M atorral Forest Ben ch Terra ce 
Ci ravel Gravel G[avel . 
--
Mean(%) 18.70 28 .35 26 .79 
Minimum(%) 0.03 0.15 0.13 
Maximum ( 'k ) 76 .23 7U.J 65 .75 
Standard Dev iation 20 .55 23 .82 19 .74 
Varian ce 422.39 567 .16 389.67 
Coefficient of Variauon ('k ) I 09 .90 83 .99 73 .68 
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Summary 
The matorral gully catchment has a significantly higher percentage of silt sized patticles and fewer coarse 
sized particles than either the forest or bench terrace gully catchments. Within the matorral gully 
catchment therefore, more of the sediment horizons may be expected to be of a fine texture compared to 
the forest or bench terrace gullies. The extent of variation in soil texture may be related to gully dissection 
and gully morphology. Active gullying, resulting in deep dissections, exposes several sediment horizons 
which may have contrasting textures. In areas where no dissection has occurred or where gullying is 
shallow, such as in the forest gully's watershed and in the upper half of the matorral catchment, soil 
texture is relatively uniform over large areas. Within the bench terrace gully, the construction of the 
terraces resulted in the partial mixing of sediment horizons and the exposure of sub-surface horizons 
creating considerable variability in soil texture over relatively shon distances. The disturbance caused by 
bench terracing may therefore have consequently increased the variability within an area which may have 
previously already been considered as heterogeneous. The alluvial nature in which the scdimcnts were 
deposited within this area has given rise to sediment bands which arc principally dominated by a single 
size fraction. It is unusual to find a sediment band which has an approximate equal mix of more than one 
size fraction. This has important implications for the hydrology and erosion of these gully catchments 
since the ·nature of the deposition of the sediment bands has created distinct and contrasting textural 
horizons which can vaty over relatively short distances from horizons dominated by silt to horizons 
dominated by gravel. It may therefore be expected that due to the distinct and contrasting nature of 
textural horizons within this atea, that soil texture will be an important factor in determining the 
hydrological and erosion response of this region. The low percentage of clay within these sediments 
suggests however, that clay, unlike silt, sand and gravel, will play a relatively insignificant role in 
determining the hydrological and erosional response of the gully catchments. 
4.1.2 Pore Size Distribution 
The water release characteristic is a fundamental soil property, providing information on soil structure 
and pore size characteristics which are important factors _in determining runoff (O'Sullivan and Ball, 
1993; Schjonning, 1994; Edwards et al., 1994). The total porosity (which is also the percentage 
volumetric soil moisture at saturation) has been divided into transmission pores, storage pores and 
residual pores based on the pore size classification system used by Thomasson ( 1978) and Rowel! ( 1994 ). 
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Transmission pores (pores >60j..Lm in diameter) are those pores which wil l freely drain under gravity and 
which can allow rapid water movement through the soil. Storage pores (pores 0.2-601-lm in diameter) 
retain water under gravity and provide a valuable source of water to plants. Residual pores (pores <0 .21lm 
in diameter) hold water which is retained as thin fi lms in the lattices o f soil aggregates and which is 
unavailable to plants. 
Transmission Pores 
Table 4.5 shows within each gull y catchment the summary statistics for transmission porosity in the 
surface (0-3cm) and sub-surface (4-7cm) soi l. The average percentage of transmission pores in the surface 
hori zon is similar within each gully catchment ( 13- 14%) and is generally higher than in the sub-surface 
hori zon. Within each gull y catc hment transmission porosity may exceed 20% within so me areas and may 
be as high as 27% wit hin the matorra l g ull y. The variabi lity in transmiss ion porosity is lowes t wi th in the 
bench terrace gull y with a coeffic ient of variation o f 28% in the surface horizon and is highest wi th in the 
matorral gull y (C. V. of 46% in the surface horiwn) . No s igni fi cant differences in transmission poros ity 
however occur between the gull y catchments in either the surface or sub-surface hori zons (Kruskal-
Wallace analysis of variance). Transmission porosity is therefore s imilar within each of the gully 
catchments. 
Table 4.5. Summary statistics o f the tran smission porosity reco rded within each gu ll y catchment. 
Surface Horizon S u·b-su rface Horizon 
Summary Statistics Matorut Fores t Bench Terrace M a1orral Fo rest Bench Terrace 
Transmission Transmission Transmission Transmission Transmission Transmission 
Pores Pores Pores Pores Pores Pores 
Mean ('I>) t3 .74 t3.84 13.23 9.91 t3.50 10.26 
Minimum (%) 6.83 4.63 7.96 2.58 4.10 2.7 5 
Ma ximum (\t) 27 .50 26 .22 23 .76 19.33 22.9.1 15.28 
Standa rd Dev1a11on 6.37 4.6 1 3.76 4.34 5.97 3 .9~ 
Variance 40.61 21 24 14 14 18.83 .15.64 15.50 
Coefficient of 46.38 33 .28 28.42 n8o H .22 38.39 
Va ri ation ('l l 
Storage Pores 
Table 4.6 shows summary statistics for storage porosity in the surface a nd sub-surface soil wi th in each 
gull y catchment. The average percentage of storage pores within each gully catchment is slightly higher 
in the surface and sub-~urface horizons thun the trans miss ion po rosity. T he average perce ntage storage 
porosity is also similar between the surface and sub-surface horizons within each gully catchment. 
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Storage porosity within the matorral gully in the surface horizon may in some areas be over 30% which 
compares to a maximum of 20% in the forest gully and 23% in the be nch terrace gully. Simi lar to the 
transmission porosity, the storage porosi ty is most variable within the matorral gully catchment. No 
significant differences in storage porosity however, occur between the gully catchme nts (Kruskal-Wallace 
analysis of variance). 
Tab le 4.6. Summary statistics of the storage porosity recorded with in each gully catchment. 
~ Su rface Horizon ._..____Sub-surface Horizon -... 
Summary Stalistics M atorral Forest Bench Terrace Matorral Forest Bench Terrace 
Storage Storage Storage Storage Storage Storage 
Po res Pores Pores Pores Pores Pores 
----········------ --·-····--··--·· --·-·····-···--Mean(%) 15.59 14.24 15.28 14.63 14.37 14 .46 
Minimum (%) 9.90 I 0.58 8.84 10.23 9.33 9.37 
Maximum (%) 31.02 20 .77 23 .14 23.03 23 .17 23.54 
Standard Deviation 5.27 2.82 3.82 3.81 3.57 3.55 
Variance 27.73 7.98 14.61 14.55 12.74 12 .60 
Coefficient of 33.77 19 .83 25.02 26.07 24 .84 24.55 
Variation(%) 
Residual Pores 
Table 4 .7 shows sum mary stati stics for res id ual poros ity in the surface and sub-surface so il within each 
gully catchment. Within each gull y catchment the average percentage res idua l porosity is higher in the 
sub-surface horizon compared to the surface horizon. Within both horizons the residual porosity is highest 
within the matorral gully catchme nt ( 19-20%), although no significan t di fferences in the residual porosity 
occurs between the catchments (Kruskal-Wallace analysis of variance). Residual pores are the dominant 
pore size within each gully catchment in the sub-surface horizon and are the dominant pore size in the 
surface horizon within the matorral gully catchment where the residual porosity in some areas may be 
over 40%. This is much higher than the maximum residual porosity which can be found in the surface 
horizon within the forest (27%) and bench terrace (23%) gull ies. The average and maximum percentage 
of residual pores is therefore higher, although not s igni ficantl y in the matorral gull y catchment compared 
to the forest and bench terrace catchments. 
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Table 4.7 . Summ ary statist ics of the residu al porosity reco rded withi n eac h gully catch me nt. 
._Surface Horizon ,._.__Sub-su rface Horizo n .. 
Summary Stati stics M ato rrat Fo res t Bench Terrace Matorrat Forest Bench Terrace 
Resid ual Residua l Residual Residual Residual Residual 
Pores Pores Pores Pores Pores Pores 
Mea n(%) 19.80 14 .69 14.88 20.30 16.27 16.70 
Minim um (%) 8.56 7.44 8.45 8.66 7.67 9.40 
Maximum( %) 41.48 27 .67 23.36 39.27 32.45 25. 15 
Standard Deviation 4.28 5.93 3.93 9.30 7.5 1 4.98 
Variance 90.52 35.20 15.4 7 86.58 56.43 24.85 
Coefficient of 48.04 40.40 26.42 45 .84 46.18 29.85 
Variation(%) 
Total Porosity 
Table 4.8 shows summary statistics for total porosity in the surface and sub-surface soil withi n each gul ly 
catchment. Within each of the gull y catchments the average total porosity of the surface and sub-surface 
horizo n exceeds 40% and is slightly higher in the matorral gully catchment than in the fo rest or bench 
terrace catchme nts. Total poros ity within the surface hori zons can exceed 50% wi thin each of the gully 
catchments. No significant difference in total porosity occurs between the gull y catchments in ei ther the 
surface or sub-surface hori zon (Kruska l-Wallace analysis of varia nce). 
Table 4.8. Summary stati stics of th e to tal porosity recorded with in each gully catchm ent. 
~-- Surface Hori zon ---.- ~-- Sub-su rface Horizon -.. 
Summary Statis tio Matorra l Forest Bench Terrace Matorral Forest Benc h Terrace 
Total Total Total Total Total Total 
Poros itr Porosi tr Porositr Porositr Porositr Porositr 
Mea n (% ) 4 5.50 42 .78 43.39 44 .84 H . t3 4 1.41 
Minim um(%) 38 .11 33.04 3 1.51 34 .3 I H-13 34 .08 
Maxi mum( %) 5 2.29 56.38 53.36 55 .28 52.3 1 4 7.42 
Standard Deviation 4.28 6.42 6.13 5.32 4.97 3.82 
Variance 18 .29 41 .25 15.47 28 .29 24 .67 14 .59 
Coefficient of 9.40 15 .0 I 26.42 11.86 11.25 9.22 
Variation(%) 
Soil Structure 
Based on Thomasson's ( 1978) classification of soil structure using the percentage transmission and 
storage pores, 41 % of the samples from the surface horizon within the matorral gully may be classified as 
having poor soil structure (fig ure 4 . 1 ). In comparison only I 0~ of the s.a mples in the surface hori zon 
from the forest gull y and 11 % fro m the bench terrace gully may be classified as having poor soil 
structure . Instead the majority of the samples within the forest (75%) and bench terrace (56%) gully 
catchment~ may be described as having moderate soil structure (figure 4. 1 ). Furthermore; the bench 
terrace gull y has the highest percentage of samples (33%) wi th good soil structure in the surface horizon. 
Within each gull y catchment none o f the samples fro m the surface a nd sub-surface hori zon may be 
classified as having very good soil structure. In the sub-surface soil the percentage of samples with poor 
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soil structure increases within each gully catchment which may be expected, due to compaction from the 
weight of overlying soil and the lower flora and fauna activity within these horizons. In the bench terrace 
and forest gully catchments the number of samples with poor soil structure in the sub-surface horizon 
increases dramatically by 40% and 30% respectively compared to just a 3% increase within the matorral 
gully catchment (figure 4.1). In the sub-surface horizon each of the gully catchments have samples with 
less than 5% transmission porosity which Thomasson (1978) considers are likely to be impermeable. 
To provide a general indication of the potential continuity m transmission pores and hence the 
hydrological continuity between the surface and sub-surface soil, the percentage of transmission pores 
within the surface soil were correlated with those in the sub-surface soil for each gully catchment. Within 
the matorral and forest gully catchonents the correlations are significantly positive (0.70 and 0.66 
respectively, (p<O.OS), indicating potentially very good hydrological continuity between these two 
horizons. The correlation in the bench terrace gully is in contrast very low and not significant (0.27), 
indicating potentially very poor hydrological continuity between horizons within this catchment. This 
may be a retlection of the dramatic increase in the number of samples within the bench terrace catchment 
which have poor soil structure in the sub-surface horizon. 
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Figure 4.1. Classification of soil structure based on the percentage transmission pores and storage 
pores within each gully catchment. 
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Summary 
Following Thomasson's (1978) classification, the majority of the samples within the matorral gully 
catchment may be classified as having a poor soil structure. In comparison the majority of the samples 
from the forest and bench terrace catchments have a moderate soil structure. The forest and bench terrace 
catchments however, show a dramatic increase in the number of samples with poor soil structure in the 
sub-surface horizon which in the case of the bench terrace gully may account for the potentially very poor 
hydrological continuity between the surface and sub-surface horizons. Within the matorral gully 
catchment total and residual porosity is higher than in either the forest and bench terrace catchments and 
may be a reflection of the predominance of sediment horizons with fine particle sizes in this catchmenl. 
Although significant differences in soil texture occur between the catchments, these differences arc not 
enough to cause statistically significant contrasts in the pore size characteristics between the catchments. 
The variability in pore size characteristics is therefore similar between the catchments, although the small 
uiiTerences that do occur can make the uiffcrence between whether a catchments soils arc classilieu as 
either poorly or moderately well structured. Significant differences in pore size charncteristics do 
however occur within each of the gully catchments. The variability in pore size characteristics is therefore 
high within each of the catchments resulting in areas within each catchment which have soil structure 
ranging from poor to goou. 
4.1.3 Saturated Hydraulic Conductivity (K •• 1) 
Table 4.9 shows within each gully catchment the summary statistics for saturated hydraulic conductivity. 
The K,., of the soils within this region is highly variable and ranges from almost impermeable (0.03 mm 
hr" 1) in the matorral gully to very rapid (1080 mm hr" 1) in the bench terrnce gully. These large differences 
in K,., arc not unexpected for such a complex environment which has a diverse range of sediments anu 
vegetation cover. lloth the matorral and bench terrace gully catchments show a much wider range in k,, 
values than the forest gully. The average K,.., in the matorral and forest gullies is similar (54 and 43 111111 
hr" 1 respectively) and may·be considered as moderate (Landon, 1993). Average K,31 in the bench terrace 
gully is however significantly higher (p<0.05) at 91.32 mm hr" 1 and may be considered as moderately 
rapid (Landon, 1993). Figures 4.2 show that within the forest and bench terrace gully catchments 48% 
and 50% of the samples respectively may be described as having slow permeability with K"" values of 
less than 20 mm hr" 1• In comparison 76% of the samples within the matorral gully catchment have K,., 
99 
Chapter 4 - Soil Properties: Description, Comparisons and Inter-Relationships 
values of less than 20 mm hr" 1• Furthermore, 88% of the samples from the matorral gull y catchme nt have 
Ksat values below 60 mm hr" 1 and may therefore be described as having moderate to poor permeabil ity 
(Landon, 1993) (figures 4.2). In the forest and bench terrace gull ies 76% and 80% of the samples 
respecti vely have a moderate to poor hydraulic conductivity (figures 4.2) . Within each of the gully 
catchments Ksat may vary dramatically over distances as short as 5m and I m. Figures 4.3 show that K,., 
may vary fro m 0.2 to 720 mm hr" 1 in the matorral gully, from 0.2 to 173.5 mm hr" 1 in the forest gully and 
from 11 .8 to 222 mm hr" 1 in the bench terrace gully over a distance of 5m. Over a distance of just I m K.at 
may vary by as much as 30 mm hr" 1 within each gull y catchment. 
Tab le 4.9. Summary stalislics of saturated hydraulic conductivity (K,.,) recorded within 
each gully ca lchm enl. 
Summary Stati stics Malorral Gully Forest Gully Bench Terrace Gully 
K,., (m m hr"1) K,., (mm hr .1) 
- K mJ.~.!..Il~-~r" ') 
Mean 54 .19 43 .00 91 .32 
Min imum 0.03 0. 18 0.41 
Max imu m 720.00 208.44 I 080.00 
S land ard Deviation 172.8 1 59.82 238.65 
Coefficient of Variation ('il) 318.9 1 139.1 1 261.33 
Number of Sa mples 17 21 20 
-
. ~=' 
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Figure 4.2. Saturated Hydrau lic Co nductivity. 
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Figure 4.3. Spatial variabi lity in sa turated hydraulic conductivity (Ksat) within each gully ca tchment. 
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Summary 
Within each of the gully catchments k,., may vary dramatical ly over distances as short as 5m and I m. 
O'Loughlin ( 1986) has reported that k,., values can be notoriously variable and commonly range over 3 
orders of magnitude even within the same soil type. Although the average k,., is significantly higher in the 
bench terrace gu lly compared to the matorral or forest gull ies, within each of the catchments over 75% of 
the samples may be described as having moderate to low permeability (less than 60 mm hr''). The low 
permeability of the majority of the samples reflects the generally poor soil structure of the soils within 
this region and suggests that many areas within the catchments may be susceptible to saturation and 
surface runoff as a result of poor drainage. 
4.1.4 Bulk Density 
Bul k density is a soi l property which reflects porosity and compaction wi th high soil bulk densities being 
related to runofTproduction and erosion (Martz, 1992; Edwards et al .. 1994; Oyarzun . 1995 ). Table 4. 10 
shows summary stati stics for bulk density within each gully catchment. Average bulk density values arc 
similar within each of the gully catchments and are not significantly different between the catchments. 
With in each gully catchment however, bulk density may vary considerably and fi gures 4.4 show that bul k 
density may vary by a maximum of 0.3 g crn·3 over 5 m and I m distance with in each of the gul ly 
catchments. In the matorral gully catchment 39% of the samples have bulk density values greater than 1.6 
g cm·3 which may be considered as very compact (Landon, 1993) (figures 4.5). In comparison 33% and 
30% of the samples from the forest and bench terrace gully catchments respectively may be described as 
very compact. Furthermore, none of the samples from the matorral gully have bulk density values below 
1.4 g cm·3 whereas I 0% and 20% of the samples from the forest and bench terrace gullies respectively 
have bulk density values below 1.4 g cm·3 (fi gures 4.5) 
Table 4.10. Summ ary statistics of bulk densi ty record ed within ea·ch gutly catchm ent. 
Summary Statisti cs Matorral Gully Fores t Gully Bench Terrace Gully 
_________________ Bulk Qen s ityJ~--!!~JLpen~_ilY . ..Cg __ .c m :~!k Density (g~j_ 
Mean · 1.5 8 1.54 1.54 · 
Min imum 1.43 1.34 1.25 
Max imum 1.7 7 1.7 0 1.79 
Standard Deviation 0.10 0. 10 0.14 
Coefficient of Variation ('k) 6.60 6.42 9.26 
Num ber of Samp les 18 21 20 
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Figure 4.4 . Spalial variabilily in bulk densily wilhin each gully ca lchmenl. 
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Figure 4.5. Bulk Density . 
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Summary 
Average bulk densit y is similar between the catchments ( I .54 to 1.58 g cm-J) and is in agreement with the 
bulk density value of 1.54 g cm-3 reported for Rana soils by lngelmo et al. ( 1994). Bulk density values 
may however range from as low as I .25 g cm-3 to 1.77 g cm·3 within the gully catchments. Within each of 
the gully catchments over 80% of the samples have a bulk density greater than 1.4 g cm·3 indicating soi ls 
with a moderate to high degree of compaction. Furthermore, in the matorral catchment 40% of the 
samples may be considered as very compact. The moderate to high bulk density of the majority of the 
samples supports the generally low hydraulic conductivity and poor structure of the e soils reported in 
previous sections. 
4.1.5 Organic Carbon 
Organic carbon was determined from samples collected in April prior to the onset of high summer 
temperatures which can encourage the oxidation of organic materials. Sample values therefore reflect a 
period in the annual fluctuation of this property when organic carbon content may be expected to be high. 
Organic Carbon 
Table 4.11 shows summary statistics for organic carbon within each gully catchment. With in each of the 
gully catchments the average organic carbon content is less than I% and is less than 0.5% in the matorral 
and bench terrace catchments. No significant differences in organic carbon content however, may be 
found between the catchments. Organic carbon may however, be highly variable within the catchments 
ranging from 0.03% to 2.5%. Figures 4.6 show that organic carbon may vary from between 1-2% over Sm 
distance within each of the catchments although li ttle variation occurs over smaller distances of I m. 
Greenland ( 1977) and M organ (1996) hav_e suggested that soils may also be vulnerable to erosion if the 
organic carbon content is less than 2%. Figures 4 .7 show that all of the samples within the bench terrace 
. . . 
gully have an organic carbon content below 2% and that 97% and 93% of the samples within the matorral 
and forest catchment-s respectively have organic carbon contents below the 2% threshold. Furthermore, 
98% of the samples within the bench terrace gully have an organic carbon content below I% which 
compares to 79% and 70% of the samples in the matorral and forest catchments respecti vely (figures 4.7). 
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Table 4.11. Summ ary statistics of the percentage orga nic carbon recorded within each gully catch men t. 
Summary Statistics 
Mea n 
Minimum 
Maximum 
Standard Deviatio n 
Coeffi cient of Variation (%) 
MatorraiGully 
0 rganic Carbon(%) 
0.48 
0.03 
2.07 
0.51 
105.45 
Forest Gu ll y 
0 rgan ic Carbon (%) 
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0.71 
0.03 
2.50 
0.70 
99.08 
Bench Terrace Gully 
Organic Carbon(%) 
0.45 
0.04 
1.1 I 
0.26 
58.34 
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Figure 4.6. Spatial varibility in organic ca rbon witb in each gu lly catchment. 
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Figure 4.7. Percen tage Organic Carbon . 
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Summary 
Although there are no significant differences in organic carbon content between the catchments, 
considerable variability in this property may occur within the catchments, particularly over 5m distance. 
In the bench terrace gully catchment the percentage of samples with organic carbon contents below the 
critical thresholds identified for soils vulnerable to erosion is higher than in either the matorral or forest 
gull y catchments. In all three catchme nts however, the majority of the samples have organic carbon 
contents below the critical thresholds identified by Greenland ( 1977) and M organ ( 1996). T he majority of 
the soils within the catchments may therefore be considered as vulnerable to erosio n. 
4.1.6 Aggregate Stability (R.S.S.I) 
The breakdown of relatively weak surface aggregates may result in soil surface sealing which can lead to 
the rap id o nset of surface runoff regard less o f the underlying soils structure or permeability (Truman and 
Bradford , 1990; Moore and Singer, 1990). The stability o f surface aggregates can there fore play a key 
ro le in determining the soil s hydrolog ica l and erosional response to rainfall (Tru man et al. , 1990; Rasiah 
et al., 1990). Table 4.1 2 sho ws summary stati stics for aggregate stabi lity within each gully catchment. No 
significant difference in aggregate stability occur between the gul ly catchme nts although the average 
percentage stable aggregates is I 0% higher in the bench terrace gull y catchme nt than in the matorral 
catchment. Within each of the gull y catchments aggregate stability is highly variable and ranges from 
11 % to 95% in the matorral gully, 10% to 99% in the forest gully and 32% to 93% in the bench terrace 
gully over distances as short as 5m (figures 4 .8). Within each of the gully catchments approximately half 
of the samples have aggregate stability values greater than 75% (figures 4.9). Furthermore, only 20% of 
the samples in the bench terrace gull y have an aggregate stability value be low 50% which compares with 
36% and 30% of the samples within the matorral and forest gullies respective ly ( figures 4 .9). 
Table 4.12. Summary sta tistics of the percentage aggregate stability recorded within each 
gully catchm ent. 
Summary Statistics 
Mean 
Minimum 
Maximum 
Standard Deviation 
Coeffrcrcnl of Varration (%) 
L= -
Matorral Gully 
R .S.J.:.I (% l 
61.87 
1.00 
100 .00 
34 31 
55 .4 5 
Forest Gull y 
R.S.S.I (%) 
67.44 
10.00 
100.00 
29.03 
43.04 
110 
Ben eh Terrace Gully 
R.S.S.I (%) 
7 t .69 
9.00 
100 .00 
25 12 
35.04 
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Figu re 4.8. Spa tial variabili ty in agg regate stability within each gull y ca tchm ent. 
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Figure 4.9. Aggregate Stability (R.S.S. I). 
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Summa ry 
Similar to other properties, the stability of soil aggregates may vary considerably over distances as short 
as 5m. Although the majority of the samples within each of the gully catchments have organic carbon 
contents below the critical threshold , implying that these soils are vulnerable to erosion, approximately 
50% of the samples within the gully catchments have aggregate stability values above 75% which in 
contrast suggests relatively stable soils. However, the implied stability of these soil s may be a reflection 
of the rainfall simulation technique used in thi s study to test the stabi lity of soi l aggregates. Other 
measure me nt techniques of aggregate stability such as the WSA test used by Ternan et al. ( 1996a) have 
shown that aggregates from thi s area have a very low stabi lity. Using this technique nearly all of the 
aggregates dispersed (J.L. Ternan, personal communicatio n). The rainfall simulation technique is more 
sensitive to variations in aggregate stabi li ty in low stability soils. Therefore the rainfa ll simulat ion 
technique, although it may wrongly suggest relati vely stable soils, a llows comparisons to be made 
between aggregates from soil s of low stability. 
Although in genera l samples within the bench terrace gull y have a lower organic carbon content than in 
the matorral and forest catchments, aggregate stabi lity is generall y higher in the bench terrace gully. This 
suggests that e ither factors other or as well as organic carbon are important in determining aggregate 
stability or that the critical threshold of organic carbon, above which soi ls are considered stable, are much 
lower in this environment than those identified by Greenland ( 1977) and M organ (1996). 
4.1.7 Vegetation and Litter Cover 
Areas with high vegetation and/or litter cover are often areas with good soil physical and hydrological 
properties (Dunne et al., 199 1; Bohm and Gerold, 1995). Runoff and erosion is ofte n reported to be 
considerably higher in areas bare of vegetation (Johnson and Gordon, 1988; Nicolau et al., 1996). 
Vegetation Cover 
Table 4 . 13 shows summary statistics for vegetation cover within eac h gully catchment. The average 
percentage vegetation cover is low in all three catchments, but is significantly higher in the forest gully 
than the matorra l or be nch terrace gull ies. The average percentage vegetation cover in the matorral gully 
is very low at just 7 .82%. The percentage vegetation cover is however highly variable within each of the 
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catchments ranging from 0% cover to 97% cover (table 4. 13). Snelder and Bryan ( 1995) have identified a 
critica l threshold vegetation cover of 55% below which erosion rates increased rapidly. Figures 4. 10 show 
96% of the so il moisture sampling sites within the matorral gully have a vegetation cover below 55%. In 
comparison 7 1% and 84% of the sample sites within the forest and bench terrace gullies respectively have 
a vegetation cover below 55% (figures 4. 10). 
Table 4.13. Summary statistics of the percentage vegeta tion cover recorded wi thin each gully catchment. 
Summary Sta tis tics Ma torral Gully Forest Gully 
=---- -------··--·~-~geta t ion Cover(%) 
Mean 7.82 
Vegetation Cover(% l. 
33 .21 
Minimum 0.00 
Maxim um 
Standard Deviat ion 
Coefficient of Variation(%) 
97.00 
16.32 
208 .62 
0.00 
97 .00 
31.7 5 
95 .60 
114 
Bench Terrace Gul ly 
Vegetation Cover(%) 
20.26 
0.00 
97.00 
27.28 
134 .66 
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Figure 4.10. Percentage Vegetation Cover. 
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Litter Cover 
Table 4.14 shows summary stati stics for litter cover within each gully catchment. Within each of the gully 
catchments the percentage litter cover is higher than the percentage vegetation cover, although litter cover 
remains low in the matorral and bench terrace gullies (25-30%). The average percentage litter cover in the 
forest catchment is s ignificantly higher, more than double (7 1 %), than the litter cover in the matorral and 
bench terrace gullies. Figures 4.11 show that in the matorral and bench terrace gullies 76% and 78% of 
the sample sites respecti vely have a litter cover below 55%. In contrast only 38% of the sample sites in 
the forest gully catchment have a litter cover below 55% (figures 4. 11 ). 
Table 4.14. Summary statistics of th e percentage litter cover reco rd ed within each 
gully catchment. 
Summary Statistics Matorral Gully Forest Gully Bench Terrace Gully 
-:-,.-----.. ··-........ --···· ....... - .................. L i ll er_c_~_~.:_(% j __ ..L.:~t t_e..!:_ Cover(% L_ Lil t er_~ver _(~ ) 
Mean 27 .14 71.07 30.03 
Minimum 
Maximum 
Standard Deviation 
Coefficient of Variation(%) 
0.00 0.00 0.00 
100.00 100.00 95.00 
31.90 38.18 28.09 
11 7.53 53.72 93.54 
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Figure 4.11. Percentage Litter Cover. 
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Summary 
T he percentage vegetation and litter cover is significantly higher in the forest gully catchment than in the 
matorral and bench terrace gullies. This however may not be unexpected since more than a third of the 
forest gull y catchments sample points are located within its watershed areas which are relatively 
undisturbed and have a mature covering of Pinus trees . In comparison most of the sample sites within the 
matorral gully, which has the lowest vegetation and litter cover, are located wi thin the gully itself, where 
steeply sloping sidewalls and active erosion prevent the development of widespread vegetation cover. 
Taki ng thi s into account however, the percentage of litter cover still remains higher in the forest gully 
compared to the matorral gully and may be attributed to the greater canopy cover of Pinus trees and hence 
the greater dispersion of litter within the forest gull y. A low percentage of litter cover may be less crit ical 
than a low percentage of aerial vegetation cover due to its effects on surface roughness. Litter is in di rect 
contact with the soil surface and therefore a relatively low coverage of litter may still significantly 
increase surface roughness, which only needs to increase s lightl y, to have a dramatic effect in retarding 
runo ff and erosion (Edwards et al., 1994; Sardo et al., 1994; Morin and Kosovsky, 1995). 
4.1.8 Root Weight 
Root weight is the weight of roots greater than I mm in diameter within a 977 cm3 soil core. Ro01s have 
positive effects on soil structure and can be importa nt in determining hydrolog ical pathways and the depth 
of water penetration within soils (Dunne et al., 1991; Morin and Kosovsky, 1995). Table 4. 15 shows 
summary statistics for root weight within each gully catchment. Average root weight is significantly 
higher in the forest gully catchment compared to the matorral and bench terrace catchments (p<0.05). 
Furthermore the root weight within the forest gully catchment may be up to 15g in some areas. Figures 
4 .12 show that 35% of the samples within the fores t gully catchment have a root weight below I g. In 
comparison 72% and 68% of the samples within the matorral and bench terrace catchments have root 
weights below I g. Within each gully catchment and in particular within the forest gull y root weight may 
vary considerably over relatively short distances. Figures 4. 13 show that within the forest catchment root 
weight can vary by as much as 8g over 5m distance and by just over lg in the matorral and bench terrace 
catchments. 
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Table 4.15 . Summary stat istics of th e root weight recorded within each gully ca tchm ent. 
Sum mary Statistics Matorral Gully Forest Gu lly Bench Terrace Gull y 
Root Weight (g) Roo t Weight (g) Root Weight (g) 
Mean 0.75 2.51 0.78 
Minimum 0.00 0.03 0.0 I 
Maximum 2.44 I 5.85 2.5 1 
Standard Deviation 0.73 3.71 0.64 
Coeffi cient of Va riation (%) 97.90 147.74 82.07 
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Figure 4.12. Root Weighl. 
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Figure 4.13. Spa tial variability in root weigh t within each gu lly catchment. 
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Summary 
The significant ly higher root weight within the fores t gully catchment compared to the matorral and 
bench terrace gullies reflects the significantly higher percentage vegetation cover within this catchment. 
The role of roots in determining hydrological response and soil moisture patterns is therefore likely to be 
more significant within the forest gully catchment and in particular within this catchments watershed 
where the density of trees is highest. Within each of the gully catchments the role of roots in determining 
soil moisture patterns is expected to be highly localised and restricted to the area of soil immediately 
surrounding the roots. Due to the considerable variability in root weight over short distances the 
continuity of channels created by roots is expected to be short. The role of roots in determining sub-
surface flow is therefore also expected to be small. 
4.2 Inter-Relationships between Properties 
Within each of the three gull y catc hments the pore s ize distribution of the soils appears to be largely 
dependent upo n soil texture (tables 4 . 16 and 4 . 17). Significan t positive correlations occur between the 
residual porosity and the percentage of finer particle sizes (clay and silt) in both the surface a nd sub-
surface horizons. In contrast, transmission pores are genera lly positively correlated with the proportion of 
coarser materials such as sand and gravel. Storage pores in the matorral and bench terrace gu llies are 
signi(icantly positively correlated with sand content altliou.gh negatively correlated with gravel cor1tent 
(tables 4.16 and 4.17). T he total porosity shows a similar relationship with soil texture to that shown by 
residual pores ie. total porosity is higher in sediments dominated by a finer particle size. Within each of 
the gully catchments therefore, sed iment horizons characterised by a fine particle size may be expected to 
have a higher residual and total porosity than sediments of coarser texture which in contrast will generally 
have a higher transmission porosity. Storage pores will be highest in those sediments dominated by sand 
sized particles. 
k,., is not significantly correlated with soil texture in any of the gully catchments and is only significantly 
positively correlated with transmission pores in the forest catchment (tables 4.16 and 4.17). K,., is no t 
significantly re lated to any of the other pore size distributions in both the surface and sub-surface soil. 
Lind ( 1989) has also reported a random pattern in the rela tionship between poros ity and hydraul ic 
conductivity. Ksa1 is however significantly positively correlated with the volume of roots and organic 
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carbon in the forest gully. Roots may play a significant role in creating channels within the soi l and 
maintai ning soil structure which can therefore promote a higher conductivity (Nicolau et al., 1996; 
Bergkamp et al., 1996). Organic carbon may also promote soi l stability and therefore mai ntain a 
permeable soil s tructure. The correlations may onl y be signi ficant within the forest gully since both 
organic carbon and in particular, the volume of roots are higher in this catchment when compared to the 
matorral and bench terrace g ul lies. 
123 
Table 4. 17 Correlation matrix between those vanables considered to be important in determining runoff and erosion (pore size characteristics are from the surface horizon). 
Ksar Transmission Pores StoraKe Pores Residual Pores Total Porosity R.S.S.I 
--- - ··-···- ··-···· Matorral For~st Bench Matorra/ Forest Bench Matorral Forest Bench Matorral Forest Bench Matorral Forest Bench Matorral Forest Bench 
Texture 
Clay 0.11 0. 11 -0 26 -0.15 0.10 0.16 ..0.25 ..0.05 -0.10 0.62** 0.48* 0.30 0.36 0.49* 0.23 -0. 14 -0.17 0.24 
Silt 0.1 4 -0. 17 -0 27 -0.52* -0.33 -0.11 -0.17 0.24 0.13 0.59** 0.68** 0.71 ** 0.47* 0.49* 0.53* -0.29* -0.19 0.13 
Sand -0.05 0. 13 -0 10 0.26 0.34 -0.24 0.57* -0.16 0.64** -0.38 -0.76** ..0.06 -0.55* -0.53* 0.21 0.01 -0.39** -0. 11 
Gravels -0.13 0 04 0 27 0 40 0.02 0.21 -0.02 -0.07 -0.54* -0.43 * -0.04 -0.52* ·0.20 -0.06 ·0.54* 0.27* 0.35* -0.07 
Org. Props 
Org. Carbon 0.38 0.69** 0 1 0 46* 0.04 0.81 "* ..0.18 0.1 4 -0.20 -0.52 0.08 -0.08 0.31 0.16 0.32 0.73** 0.76*• 0.63** 
Root Vol. 0.41 0.82*• 0 00 0.26 0.28 0.20 ·0.01 0.20 ·0.22 -0.38 -0.03 -0.30 0.45* 0.26 ..0.20 0.70*" 0.56** 0.02 
Veg. Cover -0.06 0.37 0 00 ·0.26 -0.20 0.17 ..0.18 0.3 1 0.08 -0.05 0.08 0.09 ·0.23 0.07 0.20 ·0.04 0.39** 0.20 
Litt. Cover 0.65 ** 0 43 " 0 04 0.61 ** 0.53** 0.42** 
Ksat -0. 19 0.42* 0.03 0.05 0.04 0.10 0.02 -0.30 ·0.20 0.12 0.05 0.07 0.22 0.45* ·0.04 
Bulk Dens11y -0. 11 -0.58·· 0 04 0.08 -0.20 -0.20 0.18 0.21 -0.20 0.30 0.05 -0.18 -0.7 1** -0.01 -0.36 -0.36 ·0.5?-* ·0.39* 
RS.S.I 0.22 0.45* -0 04 0.27 * -0.31* 0.58** ..0.07 -0.11 ·0.16 -0.48*. 0.19 -0.15 0.29* -0.09 0.1 5 
Net Erosion 0.23 0.32 0 12 0.30 -0.32 ..O. IS 0.45* 0.17 0.22 ..0.57** 0.26 ·0.05 ..0.02 -0.13 0.16 0.61 ** 0.47** 0.35* 
• • significant at p<0.05 (95%) 
•• • significant al p<0.05 (99%) 
Table 4.18. Correlation matrix between those variables considered to be important in determining runoff and erosion 
(pore size characterisucs are from the sub-surface horizon). 
Transmission Pores Storage Pores Residual Pores Total Porosity 
·-
Matorral Forest Bench Marorral Forest ' Bench Matorral Forest Bench Marorral Forest Bench 
Texture 
Clay ·0.43* ..0. 13 ..0.03 -0.36 -0.17 -0.02 0.62** 0.47* 0.41 * 0.47* 0.43* 0.48* 
Silt .o n •· -0.45* -;0.52* -0 .21 0.01 0.36 0.87 ** 0.65 ** 0.62** 0.74** 0.45* 0.61 ** 
Sand 0.52" 0.47* ..0.29 0.63 .. 0.02 0.75* * -0.62** ..0.63** ·0.10 -0.23 -0.36 0.26 
Gravels 0 53" 0.06 0.53 * -0.14 ·0.(}1 -0.66** ·0.59** -0.14 -0.43 * -0.69** ·0. 15 -0.63** 
Organic Properties 
Organic Carbon 0.44* 0.01 0.14 -0.09 0.07 -0.20 -0.35 -0.02 0.15 ·0.32 0.04 0.61 ** 
Root Volume 0.1 I 0.16 0.04 -0.04 0.07 -0.33 ..0.03 -0. 13 ·0.07 0.01 0.04 -0.35 
Vegetation Cover ·0.42 ..0.04 ..0.17 ..0.28 0.30 0.35 0.46* -0.05 0.12 0.14 0.04 0.25 
Ksat ·0.16 0.29 0.22 0.37 0.12 ·0.17 ·0.15 ·0.29 ·0.16 -0.14 -0.01 ·0.14 
Bulk Density ·0.04 ·0.20 ..0.06 ..0.41* 0.24 -0.28 ·0.11 0.25 -0.06 -0.52* 0.32 ..0.40* 
R.S.S.I 0.35* ·0.14 0.43 -0.07 -0.06 -0.2 1 -0.28* 0.02 -0.1 3 ·0.26 -0.18 0.08 
Net Eroszon 0.40* ..0.30 ..0.02 0.58 .. 0.41* 0.61 ** -0.62** 0.18 -0.34 -0.25 -0.04 0.10 
• =.significant al p<0.05 (95%) 
• • "' significant at p<0.05 (99%) 
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The correlations in tables 4.16 and 4.17 suggest that in addition to soil texture, organic carbon may also 
affect the pore size distribution. Within the matorral and bench terrace gullies organic carbon is 
significantly positively correlated with the number of transmission pores. Similarly, Nyberg ( 1995) has 
also reported strong correlations between porosity and organic content. Organic material is known to 
increase the water holding capacity of the soil by increasing porosity (Brady, 1990; Landon 1993). An 
increase in the·number of transmission pores related to organic carbon content may reflect the strong and 
significant positive correlations that this property has with R.S.S.I (table 4.16). A greater aggregate 
stability and a more stable soil structure resulting from the presence of organic carbon may promote and 
maintain the number of transmission pores. 
Although organic carbon is related to soil porosity, the organic properties in general appear to be most 
significant in determining aggregate stability within each of the gully catchments. Organic carbon is 
significantly positively correlated with aggregate stability within each of the gully catchments. Tcrnan et 
al. ( 1996a) reported similar findings and suggested that 
"coarse orga11ic material may have a less be11ejicial effect 011 aggregate stability tlral!jiller material". 
Fine roots may also encourage inter-particle bonding and this is reflected in the strong positive 
correlations between the volume of roots and aggregate stability in the matorral and forest gullies. The 
positive correlations between litter cover and aggregate stability may indirectly reflect the significant 
positive correlations between litter cover and organic carbon. Vegetation cover shows few direct 
significant correlations with the other soil properties. Its role however, may be indirect since the principal 
effects that vegetation has on the soil's physical and hydrological properties is through its rooting 
characteristics and input of organic material (A ohm and Gerold. 1995). Vegetation cover is therefore only 
an indirect measure of these characteristics which may explain its generally weak correlation with all of 
the soil properties examined. Dunne et al. (1991) have found similar weak relationships with vegetation 
cover, reporting that the removal of above ground surface vegetation had no significant effects on 
infiltration or runoff, because the below gr~und surface vegetation structure ie. ro~ts ~nd organic material 
remained intact. Aggregate stability displays a negative trend with bulk density within each of the gully 
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catchments which suggests that areas of low aggregate stability have a higher bulk density. Blackburn 
( 1975) has also reported that in areas where bulk density is high, sediment production may also be high. 
Net erosion ie. the erosion/deposition which occurred in the period from July 1995 to April 1996, has also 
been included within the correlation matrix, since soil erosion may be an important variable reflecting and 
determining the values of soil properties (Lowery et al .. 1995). Net erosion is significantly positively 
correlated with aggregate stability within each of the gully catchments (table 4.16). These correlations are 
positive since erosion is recorded as a negative number. The correlations therefore, suggest that areas of 
high aggregate stability are susceptible to less erosion than areas of lower aggregate stability. Net erosion 
is also significantly positively correlated with litter cover in each of the gully catchments which reflects 
the importance of litter cover in protecting the soil surface and retarding surface runoff. 
4.3. Conclusions 
The alluvial nature in which sediments have been deposited within this region has resulted in the near 
horizontal interbedding of clearly distinct and contrasting textural horizons. Within each gully catchment 
these sediments may be dominated (with the exception of clay) by a single particle size. Sediments 
dominated by gravel may therefore be found adjacent to sediments dominated by silt. This variability in 
soil texture together with a spatially non-uniform vegetation cover and a typical badlands topography has 
created a heterogeneous environment where soil properties may be highly variable over relatively short 
distances. It may therefore be expected that the hydrological and erosional response of the gully 
catchments will also be. highly variable reflecting the spatial distribution of those properties determining 
hydrological response. Within each gully catchment runoff and erosion may therefore be spatially non-
uniform. Furthermore, gullying itself may increase the variability in soil properties by exposing several 
contrasting sediment horizons through gully dissection. Heterogeneity in hydrological and erosional 
response may therefore be expected to be higher within gullies compared to adjacent inter-gully areas 
where only one or two sediment horizons arc exposed. Since significant differences in soil texture may be 
found within gullies. the hydrological response of gullies may reflect the spatial pattern of soil texture. In 
contrast, variation in hydrological response within inter-gully areas may be better related to the spatial 
pattern of vegetation cover which may be more v;~riable than soil texture in these areas. Gully 
morphology may also determine the variability of hydrological response. Gullies characterised by deep 
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dissections may have a variable hydrological response due to the exposure of several varying sedimem 
horizons. In contrast, a shallow bulbous shaped morphology may have a uniform hydrological response 
due to the exposure of only one or two sediment horizons. 
Gully morphology may eKplain the higher silt content found within the matorral gully compared to the 
forest or bench terrace gullies. The upper half of the matorral gully is shallow and dissects only one or 
two sediment horizons which are dominated by silt. Silt content will therefore be highest within the 
rnatorral gully since a significant proportion of the gully has developed within a silt dominated horizon. 
Similarly, the forest gully has a higher sand content compared to the matorral gully which may be related 
to the eKtensive watershed of the forest gully which is developed in a sediment horizon dominated by 
sand. Furthermore. the significant correlations between soil teKture and the pore size distribution suggests 
that although the differences are not significant, transmission porosity and storage porosity may be higher 
in the forest gully catchment compared to the matorral gully cmchment where residual porosity will be 
higher. Since residual pores retain water at high suctions, the average soil moisti•rc content or-the soils 
within the rnatorral gully may be higher than in the forest gully particularly during dry weather periods. 
The available soil water storage capacity may therefore be higher within the forest gully catchment 
compared to the matorral gully since fewer pores are filled with water. Soil moisture storage is considered 
to be a key factor in determining times to runoff and total runoff volume (Scoging, 1982). 
Within the bench terrace catchment, disturbances to the soils and vegetation cover together with a more 
variable although structured terrain, appears to have increased the spatial variability in soil properties 
compared to the matorral and forest catchments. The increased variability may be attributed to the mixing 
of sediment horizons, the eKposure of sub-surface horizons and the establishment of a patchy and mixed 
vegetation cover consisting of Pinus trees and matorral scrub, which has begun to re-colonise the terraces 
after being cleared. Furthermore, a greater percentage of samples within the bench terrace gully have a 
better soil structure, a higher K,., and a lower bulk density than the soils in the matorral gully and is 
similar to the forest gully. The improved soil properties within the bench terrace catchment compared to 
. ihe matorra.l catch~eitt mat be att~ibuted to several factors. Firstly, .the ierraces were subsoiled .duri~g 
their construction which loosened the soil with the aim of improving soil structure and reducing soil 
compaction. Secondly, a similarity between the bench terrace gully and forest gully, but difference with 
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the matorral catchment is the presence of Pinus trees within the vegetation assemblage. The rooting 
characteristics of Pinus trees may promote a better soil structure than the rooting characteristics of 
matorral scrub and the presence of both vegetation types may further improve the soil structure. Thirdly, 
the difference in soil properties between the bench terrace and matorral catchments may be simply 
attributed to the extensive occurrence of one sediment horizon within the matorral gully catchment which 
is dominated by silt sized particles. The small particle size and associated higher residual porosity of this 
sediment horizon may account for the generally lower K'"' and higher bulk density of the soils within the 
matorral gully compared to the bench terrace catchment. The differences in soil properties may therefore 
be related to gully morphology wliich may change as different sediment horizons are encountered (Ternan 
era/., 1998). 
The occurrence of erosion within the three gully catchments is significantly correlated with the stability of 
soil aggregates and the percentage litter cover. Areas with high aggregate stability and/or a high litter 
cover are less susceptible to erosion than areas of low aggregate stability and a low litter cover. The 
stability of soil aggregates is primarily determined by organic carbon content and although the majority of 
the samples within each gully catchment have an organic carbon content below I%, aggregate stability in 
the majority of samples is high, over 75% (using the rainfall simulation technique). This suggests that 
within this environment only a small amount of organic carbon can have a significant effect on aggregate 
stability and therefore that the threshold of organic carbon below which soils are vulnerable to erosion is 
lower than the 2% threshold stated by Greenland (1977) and Morgan ( 1996). In a semi-arid region in the 
south .of Spain, M-Mena et al. ( 1998) have also reported that very small increments of organic carbon 
(less than 0.5%) can result in a significant difference in the stability of soil aggregates. 
Considerable variation in those properties considered to be important in determining hydrological and 
erosional response occurs within each of the gully catchments. Within each gully catchment therefore, 
well structured, permeable and stable soils may be found adjacent (less than Sm distance) to poorly 
structured and unstable soils. The hydrological and erosional response of the gully catchments may 
therefore be expected to be spatially non:uniform. s'imilarly the spatial pattern of soilmoi~ture within 
each gully catchment may also be expected to be highly v<Jriable and within the gullies themselves to 
reflect the spatial pattern of soil texture which is more variable within gullies compared to inter-gully 
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zones. An exception to this however, occurs within the upper half of the matorral gully catchment where 
the shallow morphology exposes only one or two sediment horizons and therefore the spatial pattern of 
soil moisture may be expected to be uniform over relatively large areas within in this part of the 
catchment. Within inter-gully areas such as the forest catchments watershed, soil texture is again 
relatively uniform over large areas and the spatial pattern of soil moisture may therefore better reflect the 
variability in rooting characteristics and canopy cover within these areas. The generally greater variation 
in soil properties and better soil structure within the bench terrace gully catchment suggests that the 
hydrological response will be most variable within this catchment and source areas of runoff will be 
fewer, particularly when compared to the matorral catchment. 
Within the following chapters, the spatial patterns of soil moisture and their relation to topographical, 
vegetation and soil properties, together with the variability in hydrological and erosional response from 
within each of the gully catchments are described and· discussed. 
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ChapterS 
Temporal and Spatial Variability in Soil Moisture at the Macroscale 
(Transect Line) 
5.0 Introduction 
Transect lines have been used to quantify the spatial variability of soil moisture in a range of 
environments from temperate agricultural fields (e.g. van Wesenbeeck and Kachanoski, 1988) to desert 
sand dunes (e.g. Berndtsson and Chen, 1994 ). Their easy construction allows variables to be measured 
over relatively large distances. For example, Nash et al. ( 1991) measured soil water content over a 2.7 km 
long transect line in New Mexico. Transect lines may therefore be used to examine large scale variability 
in soil properties. The transect line used in this research was constructed with the aim of quantifying the 
temporal and spatial variability in soil moisture at the macroscale, using 25m sampling intervals. A 
second aim of the transect line was to determine the factors which predominately control the temporal and 
spatial variability in soil moisture at the macroscale. At this scale two possible controlling factors of soil 
moisture variability are considered: 
I. Topographic Characteristics: The transect line crosses catchment divides, drainage channels and 
entire hillslopes. Topographical characteristics such as upslope drainage length, slope angle and 
elevation may therefore be important controlling factors. 
2. Vegetation Characteristics: Since the transect line traverses three 'different vegetation assemblages, a 
change in the spatial and temporal variability in soil moisture may occur related to vegetation. 
5.1 Temporal and Spatial Variability in Soil Moisture at the Macroscale 
The soil moisture values recorded along the transect line on 13 measuring dates during the period from 
May 20 1995 to April I 1996 are shown in figure 5.1. Summary statistics of the transect line soil moisture 
data set are presented in table 5.1. The soil moisture appears to cluster into two distinct·groups which can 
be related to dry and wet weather conditions. Gruyson et al. ( 1997) have reported that the transition 
period for soil moisture between dry and wet states may be relatively short. From March 8 1995 to 
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October 4 1995 average monthly rainfall was 57 mm and on the measuring dates during this period soil 
moisture along the transect line is relatively low at all sampling points (average= 9.98%) and is similar 
for each measuring date. In contrast, average monthly rainfall between November 1995 and April 1996 
was 81 mm, and represents an approximate 20% increase in monthly rainfall during this period. Soil 
moisture values recorded during this period are significantly higher (p<0.05) than the soil moisture values 
recorded during March 1995 to October 1995, confirming the division of the soil moisture data set into 
two distinct groups representing measurements recorded during dry and wet periods. Based on this 
division an average wet and dry soil moisture value for each sampling point along the transect line has 
been calculated and is shown in figure 5.2. Zhang and Berndtsson (1988) have also reported a clear 
seasonal change in the spatial variability of soil moisture allowing the data to be divided into dry and wet 
periods. Average minimum wet period soil moisture is nearly treble the average minimum dry and the 
maximum wet values are more than double the dry period soil moisture values (table 5.1 ). Furthermore 
the average mean soil moisture value increased by nearly 17% during wet weather conditions from 9.98% 
in dry weather conditions (table 5.1 ). During wet weather conditions the transect line is characterised by 
large lluctuations in soil moisture which are dampened during dry weather. A similar raintall induced 
effect has been reported by Berndtsson and Chen (1994) along a transect line in a sand dune area in north-
western China. The percentage of difference in soil moisture values between points during wet conditions 
is higher than the percentage of difference in soil moisture between points under dry conditions. For 
example, during wet conditions soil moisture can vary by a maximum of 22% over a distance of 25m 
compared to a maximum of I 0% for the same distance under dry conditions. Furthermore during wet 
conditions soil moisture can vary by 22.4% at the same point compared to an 11.6% change in soil 
moisture for the same point during dry conditions. Therefore under wet conditions soil moisture appears 
to be more variable between points and at the same point than under dry conditions. The magnitude of 
difference in soil moisture values between points during dry and wet conditions is however similar and 
may even be slightly higher during dry periods ie. soil moisture may be more than 3 times higher at some 
points in both dry and wet conditions. The magnitude of variation is therefore similar in both dry and wet 
periods. Furthermore, the coefficient of variation (table 5.1 ), which provides a meas~re of the variability 
in soil moisture, is marginally higher during dry conditions compared to wet conditions, implying more 
variability in soil moisture values during dry periods. 
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Figure 5.1. Soil moisture recorded along the lransectline on the 13 measuring dates during the period 
May 20 1995- April I 1996. 
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Table 5.1. Summary s1a1i s1ics of lhe soil moislu rc dala recorded along lh e Tran sec l Line . 
·---- ·May20-1995 
· ---- ·SepS-1995 
- -- -- ·Sep 14 - t995 
----- ·Ocl28-1995 
· --- - ·0.."130-1995 
----- ·Nov2- t995 
···-··Nov 4 - 1995 
- - Jan30-1 996 
- - Feb2- 1996 
--Feb4- 1996 
--Mar28- 1996 
--Mar3U - 1996 
--Apr I - 1996 
Soil MoisiUre Mean Minimum Maximum S land ard Variance Coe ffi cie nt of 
S am.r l.i.n. & ..P a..~e s ........ ........ (~..) J_Jj __ , _, {~) Devia tion . _V a ri a ti o n_~j_-......... .... 
- ···-······· 
May 20 1995 10.05 4.87 17.65 3. 7 3 13.93 37 . I I 
September 8 1995 12.24 5.53 20 .12 4.32 18.64 35 .29 
Seplember 14 1995 9.30 3.60 14 .42 3.46 11 .97 37 .20 
Oclober 28 1995 11 .03 6.20 18 .47 3.27 10.72 29 .64 
Oc1ober 30 1995 9.90 4.87 16.84 3.29 10.83 33.23 
November I 1995 9.25 4.87 15.22 3.20 10.24 34.59 
Nove mber 4 1995 8.10 3.60 14.42 2.91 8.45 35.92 
January 30 1996 27.34 14 .42 43 .15 7.44 55.35 27 .21 
Februa ry 2 1996 28 .70 16.84 44 .89 7.64 58.36 26.62 
Feb rua ry 4 1996 26 .79 13 .62 43 .74 7.36 54.19 27.47 
M arch 28 1996 22 .06 9.04 38 .72 8.51 72.34 28 .57 
M arch 30 1996 25 .55 11 .29 40 .69 8.79 77.35 34.40 
April I 1996 29 .84 16 .03 42 .55 8.36 69 .86 28.0 1 
Mean Drr S.M. 9.98 5.07 15.35 3.14 9.83 31.46 
Mean Wel S.M. 26 .71 14 .86 40 .77 7.8 1 61.06 29 .23 
The largest differences in oil moisture between dry and wet conditions occur at the wettest points along 
the transect line (figure 5.2). For example, the point located at 425m distance along the transect l ine is 
relatively high in soi l moisture in both dry and wet conditions and increases in soil moisture from 16% to 
42% during wet conditions. In contrast the smalle t differences in soi l moisture between wet and dry 
conditions occurs at the driest points along the transect l ine. For example, the point at 250m distance 
along the transect l ine is relatively low in soil moisture in both wet and dry condi tions with an increase in 
soil moisture from 8% 10 16% under wet conditions. The large increase in soil moisture from dry to wet 
conditions at the relatively wet locations, suggests that these point have a larger water holding capacity 
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compared to the relatively dry points along the transect line. Under this assumption, during wet conditions 
saturated overland flow would be expected to occur first from the relatively dry points since their smaller 
water holdi ng capacity would be exceeded sooner. Alternatively these dry points may have rapid drainage 
effectively transmitting water to deeper soil horizons and therefore maintaining a relatively low surface 
soil moisture content even under wet conditions. Under this assumption, these dry points may not 
contribute to saturated overland flow, but may instead act as sinks for overland flow produced fro m 
surround ing wet areas. The relatively dry po ints along the transect line, with the exception of the point at 
700m, may be characterised as having a dry weather soil moisture val ue of less than 8% and a wet 
weather soil moisture value o f less than 20%. These points represent only 9 of the 33 points along the 
transect line and show an increase in soil mo isture of less than 14% from dry to wet conditions. The 
remaining points all increase iu soil mo isture by more than 14% from dry to wet condi tions and may be 
characterised as havi ng a dry weather soil moisture val ue greater than 8% and a wet weather soil moisture 
value greater than 20 %, with the exception of the point at 550m. 
Agure 5.2. Transect une average dry and wet soil moisture. 
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Yariograms of soil moisture during dry weather conditions are shown in figures 5.3a-g. These variograms 
have different shapes, indicating that under dry weather conditions the spatial structure of soil moisture is 
variable. The vnriograms for September 8 and 14 are similar in shape and have a rising semi-vari ance to a 
sill value, indicating increasing dissimilarity in soil moisture values with increasing Jag distance (Journal 
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and Huijbregts, 1978). Beyond this sill value the semi-variance begins to fall with increasing Jag distance 
which indicates that at these larger Jag distances soil moisture values are becoming increasingly similar to 
the values recorded within the first few lags. Nyberg ( 1996) described a similar variogram pattern for soil 
moisture in the Gardsjon covered catchment, Sweden, which was attributed to similar topographic 
controls on both sides of a 'U' shaped catchment. Oliver et al. ( 1989) described a similar shaped 
variogram for slope angle and interpreted this variogram shape as a 'hole effect', which indicates 
repetition in the variable measured. The distance over which the variable is repeated is equal to the 
wavelength of the variogram (Oiiver et al., 1989). The September variograms therefore display a 
repetition in soil moisture values approximately every 250m along the transect line. In contrast, the 
variograms for May 20, October 30 and November 4 are pure nugget and the variograms for October 28 
and November 2 are slightly linear with a high nugget variance. The spatial variation in soil moisture is 
therefore high on these sampling dates, with soil moisture values spatially uncorrclatcd over a sampling 
distance of 25m. The variogram of the average soil moisture for dry weather conditions is shown in figure 
5.3h. Although this variogram shows some nuctuations in semi-variance, it is in general a hole effect 
variogram with a wavelength of approximately 250m. In addition the variogram reaches a sill value at 
approximately 130m, indicating that soil moisture values-are spatially correlated over this distance. 
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Figure 5.3. Variograms of the soil moisture recorded along the transect line during dry weather conditions. 
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Figures 5.4a-f show variograms of soil moisture for each measuring date during wet weather conditions 
and figure 5.4g is the variogram of the average so il moisture for wet weather condi tions. In contrast, to 
the variograms of soil moisture during dry conditions all of the variograms during wet conditions have a 
similar shape indicating a similar spatial structure in soil moisture between sampling dates. The 
variograms of soil moisture during wet weather conditions all have a similar wavelength which is 
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approximately 250m and is similar to the September variograms recorded during dry conditions. The 
comparable range in wavelength indicates that similar soil moisture values are repeated approximately 
every 250m along the transect line. In figure 5.2 the average wet soil moisture from 0-25m is 
approximately 16%. This value is repeated again at 250m and at SOOm distance along the transect line, a 
repetition distance which is equal to the wavelength of the variogram for soil moisture in wet weather 
conditions. The sill value for semi-variograms of soil moisture during wet weather conditions varies from 
between approximately 80m to 130m. The distance over which soil moisture during wet weather 
conditions is spatially correlated is therefore approximately 80m to 130m and is similar to the range of 
spatial correlation found in the variogram of average soil moisture during dry conditions. 
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Figure 5.4 . Variogram s or th e soil moisiU rc recorded along the transect line during wet weather conditions. 
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5.2 Temporal Persistence of the Soil Moisture Patterns 
February 2 1996 
Model: Spherical 
Range: 82 m 
Nugget: 9 
Sill: 67 
March 28 1996 
Model: Spherical 
Range: 130m 
Nugget: 21 
Sill: 86 
April l l996 
Model: Spherical 
Range: 127 m 
Nugget: 17 
SiU: 92 
Soil moisture values between consecuti ve measuring dates are strongly corre lated (table 5 .2), indicating 
temporal persistence in the spatial pmtern of soil moisture ie. the high and low points of soil mo isture 
generall y occur at the same location along !he Iran ·ect line (Kachanm ki and De Jo ng. 1988). The 
temporal pers istence of soil moisture suggests lhat the factor(s) controlling soil moisture are also 
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temporally persistent ie. that the controlling factor(s) are both space and time invariant (Hawley et al., 
1983; Comegna and Basile, 1994). The correlation between the soil moisture measured on November 4 
1995 and January 30 1996 is relatively low in comparison to other consecutive soil moisture dates and 
coincides with the change from dry to wet conditions. This lower correlation reflects a change in the 
spatial pattern of soil moisture as conditions change from dry to wet. Furthermore, the temporal 
persistence of the spatial pattern is stronger under wet weather conditions where the correlation is always 
above 0.90, with the exception of the correlation between February 3 1996 and March 28 1996 (table 5.2). 
During dry weather conditions however, the strength of the correlation in soil moisture values between 
consecutive dates, shows greater fluctuation and is in general lower than the correlations during wet 
weather conditions. Zhang and Berndtsson (1988) have also reported greater fluctuations in the temporal 
persistence of soil moisture during summer periods. The greater fluctuations and lower correlations in dry 
weather may indicate the 'fading' in and out of the importance of factors which control soil moisture, 
causing small changes in the spatial pattern of soil moisture. This fading in and out may take the form of a 
'switching' in the effect that a controlling factor has on soil moisture. For example, two points, A and B, 
may be located in different textures. Point A may have a sandy texture whereas point B has a clay texture. 
At the beginning of a dry period point B, because of its larger water holding capacity, will have a higher 
soil moisture content than point A. However, point A because of its sandy texture, may have a surface 
crust which reduces evaporation to a rate where it is much less than that occurring from point B which 
shrinks and cracks as it losses moisture. Therefore with continuing evaporation point A will eventually be 
higher in soil moisture than point ·s and the spiltial pattern will have switched. The patchiness of 
vegetation cover within this area suggests ·that the rate of water uptake and hence the rate of 
evapotranspiration will be. variable, resulting in fluctuations in the soil moisture pattern. This effect may 
in particular be more noticeable during dry periods when the water demands of plants are highest, and 
may therefore explain the tluctuations in soil moisture patterns observed during this period. 
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Table 5.2. Correlations of the soil moisture data 
between co nsecut ive measurement dates show ing 
the temporal persis tence of so il moisture pallerns 
alo ng th e transec t line. 
So il Moisture Transect Lin e 
--~-a mplin g Dates . -·-····-······-·--····--·----
May 20 1995 · Sep t 8 1995 0.73** 
Sep t 8 1995- Septl4 1995 0.96'* 
Sep t 14 1995 - Oct 28 1995 0.77 • • 
Oct 28 1995 - Oct 30 1995 0.97** 
Oct 30 1995- No v I 1995 0.97•• 
Nov I 1995- Nov 4 1995 0.88** 
Nov 4 1995- Jan 30 1996 0.70** 
Ja n 30 1996- Feb 2 1996 0.98** 
Feb 2 1996- Feb 4 1996 0.98** 
Feb 4 1996- Mar 28 1996 0.92** 
Mar 28 1996 - Mar 30 1996 0.98** 
Mar 30 1996 - April I 1996 0.96 .. 
**=sign ificant at p<O.O I (99 % ). 
Summary 
The soil moisture data recorded along the transect may be distinguished into measurements recorded 
duri ng dry and wet period . reflecting seasonal differences in rainfall and evapotranspiration. During both 
periods soil moisture can be highly variable and may differ by a maximum of 22o/r over 25m distance. 1\ 
pattern of dry and wet areas which may be immediately adjacent to each other therefore occurs along the 
transect line. During dry condit ions, although the percentage diffe rence in soil moisture between points 
may be lower, the magnitude of difference may be higher than under wet conditions. Soi l moisture along 
the transect line during dry periods is therefore more variab le than during wet periods. The variograms of 
soil moisture during these two periods also suggest a greater variation in the spatial structure of soil 
moisture during dry conditions, although the range of spatial correlation for average soil moisture may be 
similar in dry periods to that recorded during wet periods. The greater variability in soil moisture during 
dry periods may be caused by the fading in and out of the importance of factors which control soil 
moisture. Dry points along the transect line may be characterised by relatively good drai nage and may 
therefore act as sinks for overland flow although their number is relati vely few in compari son to wet 
areas. The pattern of soil moisture along the transect line is temporally persistent which suggests that the 
factor(s) controlling the variation in soil moisture are also stationary in both space and time. 
139 
Chapter 5- Temporal and Spatial Variability i11 Soil Moist11re at the Macroscale 
5.3 Factors Controlling the Spatial and Temporal Variations in Soil Moisture 
5.3.1 Soil Moisture and Topography 
The topographical profile of the transect line, together with the average wet period and dry period soil 
moisture is shown in figure 5.5. Although the transect line traverses three ephemeral channels its profile 
is regular and continuous. The largest change in elevation is 8m over a horizontal distance of 25m. 
However, the erratic nature of the soil moisture pattern during dry and wet conditions was not accounted 
for by an equally erratic topographic profile. Furthermore, soil moisture may be expected to be highest 
around the ephemeral channels due to topographic convergence and lowest in upslope locations due to 
drainage by gravity (Hawley et al., 1983). However, soil moisture within two of the ephemeral channels, 
located at 25m and 700m, is very low in both dry and wet weather conditions (less than 22%) and is only 
slightly higher in the third ephemeral channel (225m) (28%) (figure 5.5). The relatively low soil moisture 
in these convergence zones may be due to the relatively coarse texture of the ephemeral channels which 
arc dominated by gravel. Higher soil moisture may occur at greater depths within these channels, but is 
beyond the measuring depth of the TDR probes. Soil moisture is only signilicantly correlated with 
elevation during wet periods (table 5.3). These correlations are however, positive and may therefore 
indirectly reflect the location of fine textured horizons which may be expected to be found at higher 
elevations within a sedimentary sequence. Large changes in soil moisture can occur when there is only a 
relatively minor change in topography. For example, the soil moisture at 450m distance is 14.5% higher 
during wet conditions and 7% higher during dry conditions than the soil moisture at 475m, even though 
both points are characterised by almost identical topographical features (eg. slope, profile, form) (figure 
55). No significant correlations could be found between soil moisture on any of the measuring dates and 
slope angle or the length of the up.slope drainage lengtli (table 5.3). The generally poor correlations 
between soil moisture and topographic parameters suggests that topography is not a significant factor in 
determining the macroscale temporal and spatial pattern of soil moisture .. 
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Figure 5.5. Topogmphic profile of the transect line together with the average dry and wet soi l moisture. 
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Tab le 5.3. Correlations be twee n soi l mois1ure, eleva tion . slope ang le an d upslopc 
draina ge length for the tran sect line. 
Soil M ois1ure Transect Lin e Tran eel Lin e Transect Lin e 
Same ling Dates Elevatio n S loee A nglc U esloee Drainage Length 
M ay 20 1995 -0.0 I 0.06 0.18 
Septem her 8 1995 0.26 -0 .13 0.02 
Septem her 14 199 5 0.16 -0 .08 0.07 
October 28 1995 0.2 4 -0 .07 0.12 
October 30 1995 0.13 0.05 0.15 
November I 1995 0.12 0.04 0.10 
November 4 1995 0.03 0.06 0.15 
January 30 1996 0.36* -0 .19 -0 .09 
February 2 1996 0.39* -0 .20 -0 .11 
February 4 1996 0.3 I • -0.15 -0 .05 
M arch 28 1996 0.27 -0.08 0.04 
M arch 30 1996 0.35* -0 .14 -0 .04 
A ~ril I 1996 0.28 -0 .12 -0 .05 
Mean Dr~ S.M. 0.15 -0.12 0.18 
Mean Wet S.M. 0.33* -0. 15 -0.05 
• =sig nifica nt at p<0.05 (95 %). 
** = significant at p<O.O I (99% ). 
5.3.2 Soil Moisture and Vegetation 
The first 10 points along the transect line from Om to 225m are located within a matorral dominated 
landuse, the predominant specie's being Cistus spp (figure 5.6). The matorral cover is not uniform, ranging 
from dense to patchy. The next 8 points along the transect line from 225m to 425m are located within a 
landuse which has a sparse to moderate covering of mature Pinus nigra trees with a dense understorey of 
matorral. The remaining 15 poi nts from 425m to 800m, are located within a landuse dominated by Pinu.1· 
nigra forest. Figure 5.6 shows the average wet and dry soil moisture recorded within each vegetation type 
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along the transect line and table 5.4 prov ides descriptive stati stics of the soil moisture data within each 
vegetatio n type. Average soil mo isture during dry and wet weather conditions is lowest in the forest 
where the density o f trees is highest. T hese trees are also exotic to this area and may consume more 
moisture than the indigenous matorral which is better adapted to moisture stress . Interception and 
evapotranspiration losses may there fore be expected to be higher within the forest vegetation community. 
Furthermore, the coeffi cie nt o f variati on is highest in the forest during both dry and wet weather 
conditions and reflects the large differences in soil moisture which can be observed between points withi n 
this vegetation type (fi gure 5 .6). T he matorral has the lowest coeffic ient of variation during wet 
conditions. 
Figure 5.6. Average dry and wet soil moisiUre recorded within each vegetation assemblage along the 
uansect linc. 
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Table 5.4 . Summary statistics of average wet and dry soil moisture reco rd ed within each vegetat ion 
asse mbl age along the transect lin e. 
Land Use: \Veri Dry Mean Minimum Maximum Stand ard Va riance C oe ff ic icn I 0 f 
(%) (~) ('k) - Devia tion Var i a ti o n (~) 
.Malor ral: \V et 26.55 15.78 35 .76 5.79 n53 21.80 
M atorrai/Forcs l: lVet 32 .13 15.51 40 .77 8.34 69 .63 25 .95 
Fores t: \V et 23 .93 14.86 40.77 7.62 58 .13 31.84 
Matorral : Dry 10.6 1 5.17 14.45 2.79 7.76 26.29 
Matorrai/Forest: Dry · 12.20 7.4) 15.35 2.87 8.24 ·23 .52 
Fores t: Dry 8.38 5.07 13.4 2 2. 74 7.5 1 32.69 
The vari ance in so il moisture within vegetation types was compared to the vari ance between vegetation 
types to test if soil moisture d ur ing dry and wet weather cond it ions was s ignificantly different between 
the land uses (Kruskal-Wallace analysis of variance). During wet conditions there is no significant 
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difference between vegetation types. During dry conditions however, soil moisture values between the 
land uses were significantly different (p<0.05). Therefore at the landuse scale, vegetation type only 
becomes important in controlling soil moisture variability during dry weather conditions, when soil 
moisture is moderate to low and evapotranspiration is highest. 
Summary 
Elevation, slope angle and upslopc drainage length have little, if any, effect in determining spatial 
patterns of soil moisture recorded at the macroscale in either dry or wet conditions. Berndtsson and Chen 
(1994) have suggested that at the large scale topography may only be significant in determining soil 
moisture variability at depths greater than I m. Differences in soil moisture may however be found 
between different vegetation assemblages during dry conditions when soil moisture is moderate to low 
and interception and evapotranspiration is highest. Vegetation may therefore play a significant role in 
determining soil moisture variability during dry conditions. 
5.4 Conclusions 
At the macroscale two distinct groups of soil moisture emerged, related to dry (relatively low soil 
moisture) and wet (relatively high soil moisture) weather conditions. Although the percentage difference 
in soil moisture between points and at the same point may be higher in wet conditio11s compared to dry 
conditions, the magnitude of difference in soil moisture is slightly higher during dry periods. The degree 
of variation in soil moisture during dry conditions may therefore be higher· than the variation in soil 
moisture recorded. during wet conditions. Although the average dry and wet soil. moisture variograms 
display a similar range of spatial correlation in soil moisture (approximately 130m), variograms of soil 
moisture on individual sampling dates during dry conditions show a greater lluctuation in the spatial 
pattern than can be observed during wet conditions. These variograms, together with measurements or 
. . . . . . - . . . . . . . . 
temporal persistence, indicate that the spatial pattern of soil moisture may be more variable during dry 
conditions compared to wet conditions suggesting high variability in soil moisture during dry periods. 
The more variable spatial pattern during dry weather conditions may be related tu the fading in and out or 
the importance of the factors which control soil moisture and in particular to the patchiness of vegetation 
cover resulting in a non-unil(mn uptake and cvapotranspiratinn of moisture. 
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The variability in soil moisture at the macroscale during both dry and wet conditions may be 
characterised as a pattern of areas of relatively dry and wet soil which can be immediately adjacent to 
each other. Differences in the type of vegetation assemblage may be an important causal factor of this 
spatial pattern during dry periods. At the macroscale topography appears to have no influence on the 
spatial distribution of surface soil moisture. 
It is hypothesised that the area of relatively wet and dry soil moisture in the spatial pattern will have a 
contrasting hydrological response due to differences in infiltration, hydraulic conductivity, water storage 
capacity and soil strength related to differences in soil moisture and soil texture. The dry areas may 
therefore be capable of absorbing runoff and act as sinks for overland flow generated from the wet areas, 
which particularly during wet periods when soil moisture values are high, may act as source areas of 
saturated overland flow. Runoff at the macroscale may therefore be expected to be spatially non-uniform 
with implications for both hydrological monitoring and management. The diverse morphology of bad land 
environments may for example, in pan be related to the generation of spatially non-uniform runoff. 
.... · 
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Chapter6 
Temporal and Spatial Variability in Soil Moisture at the Meso 
(Catchment) and Micro (Minigrid) Scales 
6.0 Introduction 
In order to fully understand a catchment's hydrological and erosional response to a precipitation event, 
measurements made at the catchment scale are essential (Loague, 1992; Seyfried and Wilcox, 1995). Soil 
moisture is known to be a key factor in determining a catchment's surface runoff response to rainfall 
(Phillips, 1992). Hawley et al. (1983) have argued that variability in initial soil moisture can result in 
large differences in hydrologic response. In particular, spatial variability in soil moisture plays an 
important role in determining hydrological pathways within catchments and thus the effectiveness of 
overland flow as an eroding agent (Morgan, 1995). Quantifying soil moisture and its variability is 
therefore of great importance in identifying source areas of overland flow and subsequently zones of 
erosion, allowing for accurate prediction and interpretation in catchment hydrology and geomorphic 
processes (Ireland et al., 1939; O'Loughlin, 1981; Loague, 1992). Within this chapter spatial patterns in 
soil moisture recorded within each of the gully catchments (mesoscale) are described and compared. 
Strongly seasonal climates may often lead to significant temporal changes in the spatial pattern of soil 
moisture resulting in a seasonal variation in the severity and spatial extent of runoff and eros.ion (Ireland 
et al., 1939; Moore et al., 1988; Grayson et al., 1997). The temporal measurement of soil moisture may 
therefore be as important ·as its spatial measurement for interpreting catchment hydrology and may be 
used to identify those times when a catchments hydrological pathways are most continuous and hence the 
times at which overland !low and erosion from the catchment is most extensive (Grayson et al., 1997). 
Purthermore~ the temponil measurement of soil moisture· patterns m·ay provide ·an i"nsi·glit "into th·e·factors-" 
controlling the variability in soil moisture. If the spatial pattern of soil moisture is for example, 
temporally persistent, then the factors determining this pattern must therefore also be spatially stationary 
through time (Comegna and Basile, 1994). This chapter therefore also describes the temporal changes in· · 
soil moisture observed within each of the gully catchments. 
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At smaller scales (hillslope and plot) several authors have reported the occurrence of spatially non-
uniform runoff (Yair, 1992; Imeson er al., 1992; Cerda, 1995; Bergkamp er al., 1996). Although 
variations in small scale hydrological response can be important determinants of catchment hydrology 
(Cerda, 1995), this information may often be overlooked when working at the larger scale (Amerman, 
1965). Measurements of spatial patterns at the microscale may therefore also be essential in interpreting 
catchment hydrology. High spatial variability in soil moisture over short distances may play a key role in 
determining hydrological response at both the micro and meso scales, particularly if the spatial patterns at 
the microscale differ from those observed at the mesoscale (Bergkamp, 1995). Quantifying the spatial 
variability in soil moisture at the microscale may therefore further elucidate not only the hydrological 
response of gully catchments but also the principal factors controlling the variability in soil moisture 
within this region. 
Measurements of spatial patterns in soil moisture at the microscale were rcconJcd within a minigrid 
located within a 'ix'im cell in each of the three main gully catchment grids (sec Chapter 3 for further 
details regarding the location and set-up of the minigrids). Within these minigrids soil moisture was 
measured at a sampling interval of I m. These minigrids therefore represent a 5x magnilication of a small 
section of the soil moisture pallern observed at the gully catchment scale. In addition, similar to the gully 
catchment scale, the soil moisture within the minigrids was measured through time providing a record of 
the temporal changes in soil moisture patterns at the small scale. 
In chapter I, temporal and spatial. variability 111 soil moisture was attributed to a number of factors 
including: 
I) a non-uniform distribution of vegetation 
2) highly irregular terrain 
3) complex geological;pedological and management histories 
combinations of which may frequently give rise to considerable variability in the soils physical and 
hydrological properties. Spatially IH>n-unifnrm runoff and erosion may thcrdorc be closely related to 
spatial patterns in topography, vegetation and soil properties (Zhang and Berndtsson, 1988). The spatial 
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pattern of soil moisture will therefore reflect the spatial distribution of these controlling variables 
(Campbell and Honsaker, 1982). This chapter therefore describes the relationships between soil moisture 
patterns and these variables (ie. topography, vegetation and the soils physical and hydrological properties) 
to enable the principal controlling factors of the spatial and temporal variability in soil moisture to be 
determined. Identifying the spatial and temporal patterns of soil moisture together with their controlling 
factors enables an understanding of the hydrological and geomorphological functioning of individual 
gully catchments - a principal aim of this thesis. 
6.1 Temporal and Spatial Variability in Soil Moisture at the Mesoscale 
Within this section the spatial patterns in soil moisture recorded within the three gully catchments are 
examined. Since these spatial patterns change in time however, temporal variations in the soil moisture 
data are first examined. Tables 6.1, 6.2 and 6.3 provide summary statistics of the soil moisture data 
collected within the three gully catchments during the study period (March 1995- April 1996). Similar to 
the division made in the soil moisture data set at the macroscale the soil moisiUre values recorded during 
the period from March 8 1995 to November 4 1995 at the meso and micro scales may be classified as 
measurements taken during a dry condition period. In contrast the soil moisture values recorded between 
January 26 1996 and April I 1996 may be classified as measurements taken during a wet condition period 
when average monthly rain falls were approximately 20% higher. This separation of the soil moisture data 
set into dry and wet condition periods is verified by the significantly higher mean soil moisture values 
recorded. within each gully catchment on measurement dates during wet conditions (p<O.OS). The 
coefficient of variation provides a measure of the v(lriability of soil moisture values ·within the gully 
catchments (Charpentier and Groffman, I992; Burrough, 1993). In tables 6.1, 6.2 and 6.3, values of the 
coerficient of variation during dry conditions are significantly higher in all three gullies than the 
coefficient of variation values for soil moisture during wet conditions (p<O.OS). This indicates that the 
._ . . . . . . . . . . .. - : . .. ' :_ .-·. •' . . •, - ·: '. . ., ,'-
variability in soil moisture values during dry conditions is greater than during wet conditions within each 
of the gully. catchments. Zhang and Berndtsson (1988) have also reported a higher. variability in soil waier 
content during SI,Hllmer periods. Similarly, Greminger et al. ( 19~5 ), Charpentier and GroiTman ( 1992) and 
Burrough (1993) have all reported a higher coefficient of variation in soil moisture during dry periods 
compared to wet conditions. Charpentier and Groffman ( 1992) have argued that the lower coefficient of 
variation during wet conditions occurs because there are fewer factors (eg. transpiration, evaporation) 
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affecting soil moisture contents and therefore variability will be lower. Further indicators of the 
variability in soil moisture values within the gull y catchments are shown by the minimum and maximum 
summary statistics of soil moisture in tables 6. 1, 6.2 and 6.3. Sample points withi n the gullies may differ 
in soil moisture by as much as 20 to 30% on the same day, showing a high variabili ty in soil moisture at 
the catchment scale. Furthermore this high variabili ty in soil mo isture can also be fo und over a sampling 
distance of 5m, where values can change by as much as 24%. McBratney ( 1992) has also recorded soil 
moisture values at 5m intervals and reported differences in soil moisture as high as 20% between adj acent 
sampling points. Beckett and Webster (197 1) have argued that considerable variations in soil moisture 
over short distances may occur particularly in strongly structured soils. This extreme variation in soil 
moisture over 5m distance is present within all three gully catchments and the magnitude of this variation 
persists in both dry and wet conditions, although the percentage difference in soi l moisture during wet 
conditions may be greater. In contrast sim ilar soil mo isture values can be found to extend over distances 
or greater than 20m in "all three gull y catc hments and in part icular within the upper reaches of the forest 
gully's watershed. Within the three gull y catc hme nts soil moisture may therefore be both highl y vari able 
and uniform over re lati vely short distances, having a complex di stribution whic h may pers ist in dry and 
wet conditions. 
Tab le 6.1. Summary statistics of the soil moisture data recorded within th e M atorral Gully Catchment. 
So il Moistu re Mean Mini mu m Maximum S land ard Variance Coefficient of 
Sam~ling Dates (%) (%) (%) Deviation Variation (%) 
May 20 1995 13.66 5.53 26.69 4.73 22.4 1 34.65 
Ju.ly 11 1995 11.96 4.22 21.77 3.79 14.34 31.66 
September 8 1995. 13. 14 2.40 29 .89 4.54 20.59 . 34 .53 
September 14 1995 9.65 2.99 23.42 3.69 13 .59 38.2 1 
Octob er 27 1995 1-3.86 6.20 24.24 3.92 15 .38 28 .29 
October 28 1995 13.61 6.20 25 .06 4.08 16.61 29.94 
October 30 1995 12 .8 4 5.53 23.42 3.9 5 15 .64 30.79 
November I 1995 12.08 4.8 7 2 3.42 3.91 15 .26 32 .34 
November 4 1995 11 .08 4.22 2U 4 3.8 8 15.08 35 .05 
Janu ary 26 1996 30.70 14.42 40.04 5.60 31.31 18.22 
January27 1996 32 .20 14 .42 40.69 5.40 29 .18 16.78 
Janu ary 28 1996 33.05 16.03 41 .94 5 . ~ 8 30.03 16.58 
Janu ary 3.0 1996 32. 12 . . 14.42 41. 9.4. 5.77 . JJ.3l 17.97 .• 
Feb ruary I 1996 33 .35 12.06 ~U9 6.13 37.58 18.38 
February 2 1996 33.31 15.22 4U9 6.19 38.38 18.60 
February 4 1996 31 .25 13.62 41.94 6.30 39.70 20 .16 
March 28 1996 · "23 .18 7.59 . 36.65 6.18 38 .16 26 .64 
M arch 30 1996 27.5 1 10.53 40 .04 6.19 38.35 22 .51 
Aeril 1 1996 31.38 11 .29 42.55 6.26 39.15 19.94 
Mean Drr S.M. 12.43 .. 4.68 24 .68 4.05 16.54 32.83 
MeanWetS .M. 30 .81 12.96 41.56 5.95 35.12 19.58 
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Table 6.2. Summary stati stics of the so il moisture data reco rded within the Forest Gully Catchm ent. 
Soil Moisture Mean Minimum Maximum Standard Va rian ce Coe ffi cient of 
_§_amp I in g D aJ~---···-J~L . ___ j~J··-·-···-...J~j __ ..Q.E._v_i~_~i_2_'!.._ _________ V ar ia tio n (J>J._ 
March81995 17.92 3.60 35.21 7.86 61.82 43.87 
July 11 1995 8.7 5 3.60 20.94 3.29 10.08 37.56 
Sep temb er 8 1995 12.31 2.40 23. 42 4.74 22.43 38.48 
Septemb er 14 1995 7.70 1.82 20.94 3.74 13.98 48.56 
October 27 1995 10.77 4.22 23 .42 3.60 12.94 33.4 1 
October 28 1995 11 .68 4.87 24.24 3.78 14.27 32.34 
October 30 1995 10.54 3.60 23.42 3.87 14.98 36.72 
Nove mber I 1995 9.64 3.60 23 .42 3.72 13.82 38.56 
November 4 1995 8.45 2.99 21.77 3.58 12.82 42.39 
January 27 1996 28.96 12.06 46 .53 6.97 48.53 24.05 
January 28 1996 29.58 10.53 41.32 7.02 49.27 23.73 
January 30 1996 28.60 10.53 41.32 7.17 51.36 25.06 
February 2 1996 31.1 0 12.06 46 .53 7.45 55.49 23 .85 
February 4 1996 27.84 8.3 1 40 .69 7.73 59 .77 27 .77 
M arch 28 1996 19 .77 6.20 38.04 7.55 57.0 I 38. 19 
M arch 30 1996 23.48 6.89 40 .04 7.63 58.25 32.5 1 
April I 1996 18. 10 9.78 46 .53 8.11 65.75 28 .86 
Mea n Dry S.M. 9.98 3.39 22.7 3.79 14.42 38.5 
Mean WetS .M. 25.04 8.88 41.8 7.5 56.36 29.77 
-
Table 6.3. Summ ary statis tics of th e so il mo is ture data record ed within th e Bench Te rrace Gully 
Catchment. 
Soil Moisture Mea n Minimum Maximum Stand ard Varian ce Coefficient of 
§~nlpJJ~ g-.. ~~!~~----·-----_( 'il ) _____ _(~)_ ('if J Devi ation 
--
V a r ia~ J7c_J_ 
Jul y 12 1995 7.97 .1.60 21.77 3.2 7 I 0.71 41 .07 
September g 1995 11 .2 1 2.40 32 .22 5.40 29. 14 48.14 
September 14 1995 6.8 3 2.40 25 .06 3.84 14 .77 56.28 
Oc tober 27 1995 11 .44 4.8 7 28.30 4.11 16.93 35 .95 
Oc tober 28 1995 12.08 6.20 29. 10 4.24 17 .94 35.05 
Oc tober 30 1995 10.62 4.22 27.50 4.1 6 17.27 39. 14 
November I 1995 9.59 4.22 25.06 3.78 14.29 39.4 1 
Novemb er 4 1995 8.54 360 22.59 3.43 11.78 40 .18 
January 26 1996 23.22 9.04 39 .39 6.03 36 .38 25 .98 
January 27 1996 24.42 11.29 40.04 5.8 4 34. 14 23.93 
January 28 1996 25.03 10.53 40 .69 6.25 39.04 24.97 
January 30 1996 24.40 I 0.53 41.94 6. 10 37.21 25 .01 
February 2 1996 25.73 11.29 41.94 6.60 43.50 25.63 
February 4 1996 23.7 1 10.53 . 41.32 6.0 I 36.09 25 .34 . 
M arch 28 1996 18.00 5.53 36.65 . 6.32 39.94 35.10 
M arch 30 1996 21.62 6.89 39.39 7.02 49 .30 32.48 
A eril 1996 24.14 7.59 41.94 7.22 52.13 29 .91 
Mean Dry S.M. 9.79 3.94 26.45 4.03 16.6 41.9 
Mea nW et S.M. 23.36 9.2 5 40.37 6.38 40 .86 27 .59 
--
Mean soi l moisture values are general ly lower in the bench terrace gully than those recorded in the forest 
gully, parti cularly ·during wet conditions a nd are significantl y lower than those in the· matorral· gully 
(p<0 .05). The lower mean soil moisture values in the bench terrace gully may in part be due to the 
subsoiling of the terrace treads which occurred during their construction to promote infi ltration (Ternan et 
al., 1996b). The steep risers may also drain rapidly resulting in a l<?w soil moisture content on these parts 
of the terraces. T he bench terrace gu ll y also has a higher percentage (> I 0 %) vegetat ion cover than the 
matorral gully. l nten:eptio n and evapotranspirati on losses are therefore probably higher in the bench 
terrace gully. Furthermore due to the discontinuous topographic morphology imposed by the bench 
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terraces, individual sampling points within the bench terrace gully may have a lower catchment area than 
sampling points within the matorral gully where the topography is more continuous. Maximum soil 
moisture values within the bench terrace gully are however similar to those recorded within the matorral 
gully (tables 6.1 and 6.3). Hydrological conditions within some areas of the bench terrace gully may 
therefore be similar to those in the matorral and forest gullies. 
6.1.1 Temporal Persistence of the Soil Moisture Patterns 
Table 6.4 shows correlations of the soil moisture data between successive measurement dates for each 
gully catchment. These correlations are measurements of the similarity in the soil moisture pattern 
between dates and therefore are a measure of the temporal persistence in soil moisture (Vachaud er al., 
1985; Kachanoski and De Jong, 1988). A high correlation indicates that the soil moisture pattern between 
dates is similar and therefore the spatial pattern of soil moisture has persisted through time. The temporal 
persistence of soil moisture pa!terns may also be inferred when vuriograms of soil moisture from different 
sampling dates are similar in shape and display a similar range of spatial correlation (Cmncgna and 
Basile, 1994). Furthermore the presence of temporal persistence within soil moisture patterns is indicative 
of strong deterministic links with the causes of the variation in soil moisture (Comegna and Basile, 1994). 
In table 6.4 the correlations of soil moisture between dates within each of the gullies are high, indicating 
temporal persistence in the soil moisture pattern. Temporal persistence in spatial soil moisture patterns 
has also been observed by Zhang and Berndtsson (1988), Berndtsson and Chen (1994) and Nyberg 
(1996). The correlation betweeri dates of soil moisture measurement may however worsen as the iime 
inte!Val between observations is increased and the soil moisture. conditions become increasingly 
. . 
dissimilar (Comegna and Basile, 1994). In table 6.4, within each of the gully catchments, the correlations 
between the soil moisture patterns from November 4 1995 to January 27 1996 are relatively low in 
comparison to other consecutive soil moisture dates and retlects.the change du~ing this peripd from dry to 
• ! • • • . • • • • . . - • • • • • • • • . • . • • • • • . • 
wet conditions. Therefore, although the spatial patterns in soil moisture during dry conditions are similar 
and the spatial patterns in soil moisture during wet conditions are similar, the spatial pattern of soil 
. moist.ure between these two dates is relatively dissimilar. This change in the spatial .J1allern of soil 
moisture from dry to wet conditions within each of the gully catchments is further explored within the 
following sections. 
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Table 6.4. Correlations of the soil moisture data between consecutive measurement dates showing the 
temporal persistence of the soil moisture patterns within the three gully catchments. 
Soil Moisture Sampling Matorral Gully Forest Bench Terrace 
Dates Tem~oral Persistence Tem~oral Persistence Tcm~oral Persistence 
Mar 81995 · May20 1995 ---- ---- ----
May 20 1995- July 12 1995 0.92" ---- .... 
July 12 1995- Sept8 1995 0.60" 0.70'' 0.72" 
Sept8 1995- Septl4 1995 0.84*' 0.90** 0.92'' 
Septl4 1995- Oct27 1995 0.85" 0.87" 0.81" 
Oct27 1995- Oct28 1995 0.97" 0.97" 0.95*' 
Oct28 1995- Oct30 1995 0.97" 0.96*' 0.95" 
Oct 30 1995- Nov I 1995 0.98" 0.98" 0.97" 
Nov I 1995- Nov 41995 0.98" 0.98** 0.98*' 
Nov 4 1995- Jan 27 1996 0.71** 0.64** 0.78" 
Jan 27 1996- Jan 28 1996 0.98** 0.98** 0.97** 
Jan 28 1996- Jan 30 1996 0.98** 0.98** 0.97*' 
Jan 30 1996- Feb 2 1996 0.98" 0.97" 0.95" 
Feb 2 1996- Feb 4 1996 0.95** 0.96'' 0.94" 
Feb 4 1996 - Mar 28 1996 0.88** 0.83" 0.87** 
Mar 28 1996- Mar 30 1996 0.96** 0.97** 0.92*' 
Mar 30 1996- Aerill 1996 0.93** 0.94** 0.96** 
*"=significant al p<O.OJ (99% ). 
6.1.2 Variogram Analysis and Interpretation 
The variogram summarises the variation of a property within a region by describing the average rate of 
change in the properly with distance (Oii vcr, 1987; Oliver and Webster, 1991 ). The variogram may 
therefore provide information on the magnitude and scale of variation (Oiiver, 1987). Several authors 
have used the variogram to describe the spatial variability.of soil water content and have reported ranges 
of spatial correlation in soil water varying from 6m to 79m (Hawley et al .. 1983; Wiercnga, 1985; Nash et 
al., 1989; Munoz-Pardo et al., 1990; Nyberg, 1996). The variogram range may also be used to indicate 
the si2;C of areas of different moisture contents and thus the spatial.frequency of soii moisture changes 
(Davidson and Watson, 1995). Variogram analysis is used here to describe the spatial patterns of soil 
moisture and to determine the range Of spatial correlation in soil moisture for each measurement date. In 
addition contour plots of the soil moisture patterns within each of the gully catchments are used to support 
the variogram analysis and interpretation. 
6.1.3 Matorral Gully Catchment 
. . . . . . 
Figures 6.1 a-s show the variograms and contour plots of soil moisture for each measurement date within 
the matorral gully catchmeni. 
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Figures 6. I. Contour plots and semi-variograms of soil moisture for each measurement date within the Matorral Gully Catchment. 
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Dry Conditions- May 20 1995 to November 41995 
Within the matorral gully catchment the contour plots of soil moisture during dry conditions display a soil 
moisture pattern which is fragmented into relatively dry and wet areas (figures 6.1 a-i). This soil moisture 
pattern may be described as mosaic in its nature, with the wet areas inter-dispersed amongst the dry areas. 
The variograms of soil moisture during this period show a range of spatial correlation which is highly 
variable between dates changing from 13m to 56m. Furthermore the variograms which display a long 
range of spatial correlation in soil moisture have a shallow slope which indicates a very slow rate of 
change in soil moisture with increasing separation distance (Oiiver, 1987). The varying range of spatial 
correlation in soil moisture indicates that the soil moisture pattern can change from variable and 
fragmented (short range) to relatively uniform (long range) during this period. Uniformity in soil moisture 
values may occur during this period as conditions become increasingly dry (Hawley et al.. 1983; 
Hendrickx et al., 1990), with the effect that the spatial pattern of soil moisture is similar over large areas 
(McBratney, 1992; Berndtsson and Chen, 1994 ). Therefore, although the mean soil moisture content 
within the gully during this period is similar on each measurement date (tahle 6.1), small changes in the 
soil moisture values appears to result in a large change in the spatial correlation of soil moisture. The 
small changes in soil moisture during this period may be attributed to evapotranspiration and/or the 
redistribution of soil moisture within the gully. 
Wet Conditions- January 261996 to Aprill 1996 
The mosaic panern of soil moisture persists in wet conditions, although a clear contrast in the spatial 
pattern between the upper and lower halves of the gully catchment can be observed. In the lower half of 
the catchment the mosaic pallern becomes increasingly more fragmented whilst the moisture values in the 
upper half of the gully become increasingly similar (figures 6.1j-s). Variograms of soil moisture during 
this period show a range in spatial correlation of approximate) y 16m-17m, which i m pi ies a variable and 
fragmented soil moisture panern. This is true of the lower half of the gully, but in the upper half of the 
gully soil moisture values appear to be more uniform (figures 6.1j-s). The shape and form displayed by 
the variograms of soil moisture during this period .may explain the differ~nt soil moisture pallern observed 
within the upper half of the gully catchment compared to the lower half. All of the variograms during this 
period display a second increasing semi-variance after a constant sill value has been reached. This second 
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rising semi-variance also reaches what appears to be a second constant sill value. This 'staircase' shaped 
variogram indicates that two different spatial structures are present within the gully and that the range of 
spatial correlation shown by these variograms is an average of these two structures (M.A. Oliver, personal 
communication). The two different spatial structures refer to the two different soil moisture pallerns 
observed within the gully catchment during wet conditions. To clarify the two spatial structures, the grid 
of soil moisture has been divided into two separate grids, grid A and B, the boundary of which coincides 
with the change in the soil moisture pattern. Grid A therefore covers the upper part of the catchment 
where the soil moisture pattern is relatively uniform and grid B covers the lower part of the catchment 
where the moisture pattern is more fragmented. The variograms of soil moisture for grid A and B during 
wet conditions are shown in figures 6.2a-j. In grid A the variogram models are changeable, including 
spherical, hole-effect, repetition non-periodic and linear (Oiiver, 1987). However for all measurement 
dates the range of spatial correlation in soil moisture has increased to 22-32m, which is more consistent 
with the spatial pattern of soil moisture observed in this part of the gully. Soil moisture values in the 
upper part of the gully arc therefore more uniform and the spatial pattern is less fragmented. The 
variograms of soil moisture in grid B all display a pure nugget effect, which indicate~ a random pattern in 
soil moisture at the sampling scale used. This supports the fragmented soil moisture pattern observed 
within this part of the gully catchment during wet conditions. 
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Figures 6.2. Semi-variograms of soil moisture for Grid A and Grid B within the Matorral Gully Catchment 
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Figures 6.3. Contour plots and semi-variognun.s of soil moistw-e for each measw-ement date within the Forest Gully Catchment 
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Dry Conditions- March 8 1995 to November 41995 
Similar to the matorral gully soil moisture in the forest gully displays a mosaic pattern of wet and dry 
areas which is particularly fragmented during this period. The distinctive fragmentation of the soil 
moisture pattern during this period is supported by the variograms of soil moisture which are all similar in 
their shape and form and have a range in spatial correlation of soil moisture which is relatively short, 
varying from 15m-19m (figures 6.3b-i). The similar shape and range of these variograms provides further 
evidence of the temporal persistence within the spatial patterns of soil moisture. Furthermore, the rising 
limb of these models is generally steep indicating increasing dissimilarity in soil moisture values over 
relatively short distances (Oiiver, 1987). During dry conditions the soil moisture pattern within the forest 
gully is therefore highly variable and fragmented. 
Wet Conditions- January 27 1996 to April I /996 
In contrast to dry conditions, the mosaic paltern in soil moisture during wet conditions is less fragmented 
due to the development of extensive wet areas over large parts of the gully (figures 6.3(a)j-q). The 
variograms of soil moisture during this period have all been fitted with an exponential model, with the 
exception of April I, which has been described with a spherical model. These variograms show a range of 
spatial correlation in soil moisture which varies from 37m-55m and which is more than double the range 
in dry conditions. Vauclin et al. (1983) have also reported a greater range in spatial correlation of soil 
moisture during wet conditions than under dry conditions. The greater range of spatial·correlatioh in soil 
moist\)re during wet conditions compared to dry conditions is consistent with the less fragmented soil 
moisture pattern shown in the contour plots during this period. During wet conditions the development of 
extensive wet areas results in a greater spatial correlation of soil moisture values. 
6.1.5 Bench Terrace Gully Catchment 
Figures 6.4a-q show contour plots and variograms of soil moisture for each measurement date within the 
bench terrace gully catchm~nt. 
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Figures 6.4. Contour plots and semi-variograms of soil moisture for each measurement date within the Bench Terrace Gully Catchment. 
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Chapter 6- Temporal and Spatial Variability in Soil Moisture at the Mesa and Micro Scales 
Dry Conditions- July 12 1995 to November 4 1995 
Similar to the matorral and forest gully catchments, the soil moisture pattern within the bench terrace 
gully catchment is fragmented into a mosaic pattern of relatively wet and dry areas. The variograms of 
soil moisture during this period all display a similar shape and form which is consistent with the contour 
plots of soil moisture which are also similar between dates (figures 6.4a-h). These variograms may at first 
appear to be pure nugget (ie. horizontal) which would imply a random variation in soil moisture at the 
sampling scale of 5m (Trangmar et al., 1985). However, a small sinuosity is present within the 
variograms, which is consistent with a hole-effect model variogram. This type of variogram is indicative 
of periodic repetition within the property being examined (Trangmar et al., 1985; Oliver, 1987). Ternan et 
al. ( 1996b) have reported that bench terraces within this region tend to impose a structured soil moisture 
pattern in which the treads of the terrace generally have a higher soil moisture content than the riser. 
Therefore, moving downslope, soil moisture values can be expected to alternate between high and low, 
being repeated at a separation distance which is approximately equal to the terrace width. The expected 
repetition in soil moisture across bench terraces is consistent with the hole-effect variograms observed for 
this gully. However the range of spatial correlation in soil moisture for these hole-effect variograms is 
between 21-23m·(although the wavelength shortens with increasing distance) which is not consistent with 
the width of bench terraces which is generally 5-6111 (Ternan et al., 1996b). The range in spatial 
correlation in soil moisture for the bench terraces is therefore greater than would have been predicted 
based on the terrace width. Several factors may explain this apparent discrepancy. Firstly and most 
significantly, the bench terraces within this gully are not aligned parallel to the columns of the grid over 
which soil moisture was measured. Instead the bench terraces arc at an angle to the grid and thus several 
sampling points, which run down and over the terraces, may be located in the same position on each 
separate terrace. These points may therefore be expected to have the same soil moisture, resulting in a 
greater range of spatial correlaiion ihan predicted by the width of the terrac~s. Secondly ... the bench 
. terraces within this region are generally of poor construction, w~ich can vary markedly, parti.cularly when 
moving down from the top of the hillslope to the bottom as is the case in the bench terrace gully. 
Therefore the width of the terraces is variable, although none are greater than 1 Om. Thirdly, figure 6.5 
shows an example from the bench terrace gully where the soil moisture content on the riser of the terrace 
is similar to the soil moisture content on the tread and therefore the expected alternating pallern in soil 
moisture does not occur everywhere within the gully grid. The range of spatial correlation in soil moisture 
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can therefore be greater than a single terrace width. Finall y, if a variogram was constructed using only 
those points that run along the length of a single terraces tread or riser then the range of spatial correlation 
may be expected to be high s ince soil moisture values along the tread or riser would be simi lar, ie. either 
all high along the tread or all low along the riser. The variograms constructed for the bench terrace gully 
are omni-directional and therefore the spatial correlation in soil moisture found across the terraces are 
averaged with those along the terraces which may produce a range greater than the terraces width. 
Fig ure 6.5 . A single terrace where the so il moisture content on the 
ri ser is similar to th at on the tread. The alte rn ati ng hig h/low soil moisture 
pattern expected on terraces may there fore not always occur. 
20.2% 
20.8% 
Bench Terrace 
"'--~ 
Tread \ 
Wet Conditions- January 26 1996 to April] 1996 
The fragmented and mosaic pattern of soil moisture observed during dry cond itions persists duri ng wet 
conditions but to a lesser extent as the wet areas expand and become more continuous (figures 6.4i-q). In 
table 6.4 the b~nch terrace gully catchment displays a stronger temporal persistence with~n the soil 
moisture pattern as conditions change from dry to wet than either the matorral or forest gully catchments. 
The fragmented mosaic pattern is therefore more simi lar between dry and wet periods wi thin the bench 
terrace gull y than in the matorral or forest gull y. During wet condi tion the variograms of soil moisture 
cont inue to di play a hole-effect. However the hole-effect is much more defined in wet compared to dry 
condi tion!> whidt reOel: t!> the more distinuive contour plots of soil moisture duri ng wet conditions. The 
range of spatial correlation 111 soil moisture during wet condi tions is 22m-23m and is similar to that in dry 
cond ition!>. The alternating pattern of high and low soil moisture values expected on bench terraces may 
be expected to persist through time due to the imposed topographic structure of the terraces. The range. of 
~patial corre lation 111 \otl moi ~ t urc on bench terrace!> may therefore also be expected to remain 
approximately constant through time. The variograms of soil moisture in the bench terrace gully in both 
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dry and wet conditions have a high nugget variance which together with the near horizontal structure of 
these variograms implies high spatial variability in soil moisture irrespective of the spatial range of 
correlation. Soil moisture is therefore highly variable within the bench terrace gully particularly during 
dry conditions becoming less variable in wet conditions. 
6.1.6 Summary 
Comegna and Basile (1994) have been able to partition the spatial pattern of soil moisture into areas or 
patches known as dry and wet zones. Within the three gully catchments the contour plots of soil moisture 
also display a soil moisture pattern which is fragmented into relatively wet and dry areas. This soil 
moisture pattern may be described as mosaic in its nature, with wet areas inter-dispersed amongst the dry 
areas. Charpentier and Groffman ( 1992), Loague ( 1992a) and Ritsema and Dekker (1994, 1995) have also 
reported the presence of wet and dry zones creating a mosaic pattern of areas of similar soil moisture 
content. The degree of variation in soil moisture may change depending upon whether measurements arc 
taken during a wet period or during a drying out period (Hawlcy 1'1 al.. I'JX~). With the exception or the 
matorral gully the fragmentation within the mosaic pattern is greatest during dry conditions. During wet 
conditions extensive wet areas cover large parts of the gully catchments and the range or spatial 
correlation in the forest gully is double the range of spatial correlation in soil moisture during dry 
conditions. Although in the bench terrace gully the range of spatial correlation in soil moisture during wet 
conditions is similar to dry conditions, the contour plots show the expansion of wet areas during wet 
conditions within this gully. The v~iability in soil· moisture within these two gullies is therefore highest 
during dry conditions. Wierenga (1985), Greminger et al. (1985), Hendrickx et al. (1990) and McBratney 
(1992) have also reporled a decrease in soil moisture variability as soil moisture levels increased. (see 
Chapter I, Section 1.9 for a review of wetting up and drying out periods). 
In the matorral gully the soil moisture pattern and its changes through time are more complex. During dry 
conditions soil moisture within the matorral gully can be highly variable with a low range of spatial 
correlation. However, this gully differs from the forest and bench terrace gully in that soil moisture values 
. . 
during dry conditions may also be relatively uniform and the range in spatial correlation of soil moisture 
high. Only a small change in the soil moisture pattern during these periods is needed to cause a large 
change in the spatial correlation of soil moisture. The mosaic pattern of soil moisture in the matorral gully 
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is the least fragmented during dry conditions compared to the forest or bench terrace gullies. The 
difference in soil moisture patterns between the matorral gully and the forest and bench terrace gullies 
during dry periods may be due to the significantly lower vegetation cover (7.8%) within the matorral 
gully compared to the forest (33.2%) and bench terrace (20.2%) catchments. In chapter 5 it was suggested 
that the non-uniform uptake of moisture by vegetation can lead to a more variable soil moisture pattern 
during dry periods. The sparse cover of vegetation within the matorral catchment may therefore result in a 
less variable and more uniform soil moisture pattern during dry periods. In wet conditions the range of 
spatial correlation in soil moisture in the upper part of the matorral gully is relatively high as indicated by 
the extensive wet area observed in this part of the gully. Conditions in this part of the matorral gully are 
therefore similar to the forest and bench terrace gullies during wet periods. In the lower part of the 
matorral gully however, fragmentation in the soil moisture pattern increases although relatively large wet 
areas may still persist. 
Within the three gully catchments the extent of spatial variation in soil moisture displays a temporal 
dependence on whether conditions are dry or wet. During dry conditions the spatial variation in soil 
moisture may be high and becomes less variable during wet periods as extensive wet areas cover large 
parts of the gully catchments and the spatial continuity in soil moisture increases. 
6.2 Temporal and Spatial Variability in Soil Moisture at the Microscale 
In the previous sections soil moisture was found to be spatially. highly· variable at the gully catchment 
scale, particularly during dry conditions when a fragmented mosaic pattern of soil moisture consisting of 
adjacent wet and dry areas could be observed. Soil moisture was also found to be highly variable over 
relatively short distances within the gully catchments and could for example vary by 24% over Sm 
distance. In addition, all of the variograms of soil moisture within the gully catchments, particularly those 
. . . . . . . . 
from the bench terrace gully, displayed a nugget variance which indicated variability in soil moisture at a 
sampling scale of less than Sm. Within the following sections the variability in soil moisture at distances 
shorter than Sm recorded within the minigrids is described. It should be noted that the minigrids were 
selected in areas within the catchments were considerable short range variability in soil moisture occurs in 
order to further identify the factors controlling soil moisture patterns. 
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Tables 6.5, 6.6 and 6.7 provide summary statistics of the soil moisture data collected at the microscale 
within the matorral minigrid, forest minigrid and bench terrace minigrid, during the study period. Similar 
to the meso and macro scales the sampling dates of soil moisture for the minigrids may be divided into 
measurements taken during a dry condition period (May 20 1995 - November 4 1995) and a wet condition 
period (January 27 1996- April I 1996). Similar to the other scales the separation of the soil moisture 
data set at the microscale is verified by the significantly higher mean soil moisture values recorded within 
each minigrid on measurement dates during wet conditions (p<0.05). Values of the coefficient of 
variation during dry conditions within the matorral and bench terrace minigrids are significantly higher 
than the coefficient of variation values for soil moisture during wet conditions (p<0.05) (tables 6.5 and 
6.7). Soil moisture within these two minigrids is therefore more variable during dry conditions compared 
to wet conditions reflecting a similar pattern to that found at the gully catchment scale. By contrast the 
degree of variability in soil moisture within the forest minigrid persists through time and the coefficient of 
variation is not significantly different between dry and wet conditions (table 6.6). Within the forest 
minigrid therefore, the degree of fragmentation within the soil moisture pattern during wet conditions 
may be expected to be simi Jar to that observed during dry conditions. In both the matorral and forest 
minigrids the coefficient of variation in soil moisture is significantly higher than in the bench terrace 
minigrid (p<O.OS). Soil moisture values within the bench terrace minigrid are therefore the least variable. 
The high variability in soil moisture within the matorral and forest minigrids indicated by the coefficient 
of variation is further reflected by the minimum and maximum soil moisture values in tables 6.5 and 6.6. 
Within the matorral· minigrid points may vary in soil moisture from 9% to 4 I% .on the same day, a 
difference in soil moisture of 32% between points within a SxSm area. Similar differences, particularly 
during dry conditions can also be found within the forest and bench terrace minigrids where on the same 
day the soil moisture at some points may be 5 times higher than at other points. During wet conditions 
however, the magnitude of difference in soil moisture values between points within the bench terrace 
minigrid is less than in the matorral or forest minigrids. 
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Table 6.5. Summary statistics of the so il moisture data recorded wi thin the M atorral M in ig rid . 
Soil Moisture Mean Minimum Maximum Standard Varian ce Coe ff ic ient of 
Sameting Dates (%) (%) -·--~.L ........ Dev iation Variation (~ .. L .. _ 
May 20 1995 14 .02 5.53 32.22 7.97 63.56 56.88 
July 12 1995 14.43 6.89 31.45 7.0 I 49.09 48.54 
September 8 1995 13.46 4.87 27.50 6.16 37 .93 45 .76 
September 14 1995 11 .61 3.60 23.42 5.62 31.62 48 .45 
October 28 1995 15 .00 6.89 28.30 6.09 37. 10 40 .61 
October 30 1995 13 .18 6.20 26.69 5.88 34 .61 44 .63 
November I 1995 12.88 6.20 25.88 5.87 34 .41 45 .55 
No vember 4 I 995 11.33 4.87 25.06 5.81 33.8 1 51.32 
Janu ary 27 1996 28.49 15.22 40 .69 7.46 55.67 26.19 
I a nu ary 30 1996 27 .83 13.62 41.32 7.51 56 .33 26.97 
Feb ru ary 2 1996 28.6 1 11.29 43 .15 7.94 63.00 27 .74 
Feb ru ary 4 1996 26.68 12.06 41.32 7.70 59.30 28 .86 
M arch 28 1996 20 .18 6.20 38 .04 9.10 82.88 45 .11 
M arch 30 1996 24.82 9.04 41.32 8.92 79.56 35 .94 
A~ril I I 996 28.94 14.42 43 .15 8.20 67 .28 28 .34 
Mean Drr S.M. I 3.24 5.63 27.57 6.30 40 .26 47.72 
Mean Wet S.M . 26.5 I I I .69 41 .28 8. 11 66.28 31.3 1 
S.M . =Soil Moisture. 
Tab le 6.6. Summary statistics of the soil moisture data reco rd ed within the Fo res t Minigrid . 
Soil Moisture Mean Minimum Maximum Standard V aria nee Coefficient of 
Sampling Date ~ ('k ) ('k-) ('k) Deviatio n V artation ('k) 
May 20 1995 8 81 3.60 20.94 3. 7 I I 3.77 42. 10 
July 12 1995 7.5 2 3.60 16.84 3. 11 9.6 7 41 .36 
Scp tcrnher R 1995 R.06 2 99 15.22 3 19 10 19 39 .li I 
Septem ber 14 1995 6.15 2 99 15 .22 2.77 7.68 45 .05 
October 28 1995 10.83 5.53 19.30 3.04 9.22 28 .04 
October 30 1995 10.04 5.53 20 .12 3.08 9.49 30.67 
November I 1995 9.84 5.53 I 9.30 3. I 5 9.92 31.99 
November 4 1995 8.58 3.60 18.4 7 3.22 10.35 37 .51 
January 27 1996 23.73 9.04 36.65 7.43 55 .20 31.31 
January 30 1996 22.76 10.53 35 .94 7.21 51.93 3 I .66 
F cbru ary 2 I 996 23.4 I I 0.53 3 7.35 7.4 2 55 .06 31 .69 
Feb ruary 4 1996 21.49 8.3 1 35 .94 7.55 57 .05 35. 14 
March 28 1996 16 .72 6.20 32.22 7.21 51.93 43 .11 
March 30 1996 21.98 9.04 38 .04 7.49 56 .09 34 .07 
A~ril I 1996 24.88 I 0.53 38.04 7.73 59 .81 31 .08 
Mean Drl S.M. 8.73 4. 17 18.18 3. 16 10.03 37.04 
Mean Wet S.M. 22 .14 9. 17 36.31 7.43 55 .i9 34.01 
S.M. =Soil Moisture. 
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Table 6.7 . Summary s1a1i s1ics or lhe so il moisiUre da1a reco rded wi1hin 1he Bench Te rrace M inigrid . 
Soil MoiSiu re Mean Minimum Maximum S land ard Varian ce Coerricient or 
Sam~ lin g Dales (%) (%) (%) Deviation Variation (%) 
July 12 1995 9.10 4.87 18.47 3.27 10.71 15 .97 
September 8 1995 14.44 4.22 22 .59 4.45 19.85 30.85 
September 14 1995 9.64 3.60 18.47 3.7 1 13.74 38 .46 
October 28 1995 13 . 14 6.89 21.77 3.77 14.18 28 .66 
Oclober 30 1995 12.04 6.89 20 .12 3.55 12.58 29 .46 
Novemb er I 1995 11 .34 5.53 19.30 3.50 12.23 30 .8 4 
November 4 1995 9.48 4.22 17.65 3.22 10.4 0 34.01 
Janua ry 27 1996 26 .24 16.84 38 .04 5.89 34 .70 22.45 
Janua ry 30 1996 25 .81 15.22 36.65 5.7 1 32 .62 22 . 13 
Fcbruary2 1996 26 .93 16.84 39.39 6.02 36.29 22 .37 
Febru ary 4 1996 25 . 14 16.03 37.35 5.63 31.70 22 .40 
M arch 28 1996 18.58 9.78 29 .10 5.76 33 .15 30.99 
M arch 30 1996 22 .84 11.29 33 .74 5.77 33 .33 25.27 
A~ r i ll 1996 26 .81 16.84 40 .04 5.7 5 33.09 21.45 
Mean Dr~ S.M. 11.31 5.17 19.77 3.6 4 13.38 32.61 
Mea n Wet S.M. 24.62 14.69 36.33 5.79 33.55 23 .87 
S.M. =Soil Moislure. 
The spati al variabi lity in so il moisture at the microscale may therefore be high. In addit ion the high 
variab ility in soil moisture observed within these 5x5m minigrids can be found to occur between adjacent 
points, ie. over a sampling dist::Jnce of I m. For example, in the matorral minigrid adjacent sampling points 
may have a difference in so il moisture as high as 26%. Adjacent sampling point~ in the forest and bench 
terrace minigrids may also have more than a 20% difference in soi l moisture. Large differences in ::.oil 
moisture have also been found by Dekker and Ritsema (1996) who reported up to a 20% difference in soi l 
moisture between immed iately adjacent sampli ng points caused by variations in soi l water repellency. 
Wilding ( 1985) and McBratncy ( 1992) have further reported considerable variab ili ty in soil moisture over 
distances as short as 0.5m. Burrough ( 1993) has noted that much of the vari ation observed over longer 
?istances may be present within the first few metres. The differences in soil moisture at the I m scale may 
therefore account for the similar magnitude of variation in soil moisture recorded at the mesoscale (5m) 
and the macroscale (25m). 
6.2.1 Temporal Persistence of the Soil Moisture Patterns 
Simi lar to the macro and meso scales, correlations of the soi l moisture data between succes ·ivc 
measurement dates for each mini grid are all significantly positive (p<O.O I), indicating temporal 
persistence withi n the oi l moisture pattern (table 6.8). Therefore, as at the macro and mesa scales the 
factor(s) determining the spatial pattern of soil moisture at the microscale are stationary through time. The 
correlatiOns for the soli moisture patterns 111 the change from dry to wet cond it ions, ie. from November 4 
1995 to January 27 1996, are however relatively low with the exception of the forest minigrid which 
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remains high. The lower correlations in the matorral and bench terrace minigrids indicate that although 
the soil moisture pattern in dry conditions is similar and the pattern in wet conditions is s imilar, the spatial 
pattern between these two periods is different. A similar trend was observed within the gully catchment 
soil moisture data set and was attributed to the expansion of wet areas, resulting in a less fragmented 
pattern during wet conditions. In contrast the higher correlation in the forest minigrid suggests that the 
spatial pattern of soi l moisture recorded during wet conditions remains similar to the patterns observed 
during dry conditions. 
Table 6.8. Correlations of the soil moisture data between consecutive measuremen t dates show ing 
the temporal persis tence of so il moisture pallern s within the three gu lly catchments min igrids. 
Soil Moisture Matorral Forest Bench Terrace 
_S_~m p~g_Qates Ten!p_o_r_!iP_<:r s i s ten~e _ }__<:_lllj> __ O__r:~_!__fl_e_!.sis_te n~_<: ______ Tem_()oral Pe r s i_s t e~ 
Mar 8 1995 - Jul y 12 1995 0.94** 
May 20 1995- Jul y 12 1995 0.97** 
July 12 1995- Sep 8 1995 0.90** 0.86** 
Sep 8 1995- Sep 14 1995 0.96*' 0.93** 
Sep 141995 - 0ct 28 1995 0.96*' 0.83** 
Oct 28 1995- Oct 30 1995 0.99** 0.97** 
Oct 30 1995 - ov I 1995 0.99*' 0.98 •• 
01 I I 995- Nov 4 1995 0.99'* 0.96'* 
01 4 1995 - Jan 27 1996 0.7 3*' O.R 5' • 
Jan 27 1996 - Jan 30 19% 0.99*' 0.98** 
Jan 30 1996 - Feb 2 1996 0.99** 0.99*. 
Feb 2 1996- Feb 4 1996 0.99*' 0.99** 
Feb 4 1996 - Mar 28 1996 0.95** 0.92** 
Mar 28 1996- Mar 30 1996 0.97** 0.97*. 
Mar 30 1996- Apr I 1996 0.97** 0.96*. 
•• =sign ifican t at p<O.OI (99~). 
6.2.2 Analysis of Soil Moisture Spatial Patterns 
0.7 7 •• 
0. 9 3 •• 
0.8 )+. 
0.98 •• 
0.98" 
0.97 •• 
0.7R*. 
0.94' . 
0.95*. 
0.96** 
0.94*. 
0.97*. 
0.96*. 
Variogram an~lysis of the soil _moisture patterns at the microscaie i~ not possible due to the $mall number 
of sampling points within each minigrid (36) which are too few to accurately calculate semi-variograms 
(Oliver and Webster, 1990). Instead contour plots of soil moisture are used in the analysis and 
interpretatio n of spatial palterns. 
6.2.3 Matorral Minigrid 
Figures 6.6 show contour plots of soi l moisture for each measure ment date within the matorral min igrid. 
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Figure 6.6: Contour plots showing the spatial pattern of soil moisture for each measurement date within 
the Matorral Minigrid 
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Dry Conditions- May 20 1995 to November 41995 
The pattern of soil moisture within the minigrids displays similar characteristics to those shown at the 
catchment scale, being fragmented into a mosaic of relatively wet and dry areas. A distinct wet zone runs 
diagonally across the matorral minigrid from the bottom left to the top right. Running parallel and 
downslope of the wet zone is a clearly diagonal dry zone. In the bottom right hand corner of the minigrid 
another wet zone can be observed and in the opposite corner (top left) a dry zone can be found. The soil 
moisture pattern within this minigrid is therefore fragmented and appears to run in parallel lines 
diagonally across the grid. The moisture pattern therefore proceeds from the top left corner as relatively 
dry>relatively wet>relatively dry>relatively wet in the bottom right corner. During dry conditions in 
particular, maximum soil moisture values within the matorral minigrid are generally higher than those in 
the forest and bench terrace minigrids. During these conditions some points within the matorral minigrid 
may still retain over 30% soil moisture compared to a maximum of approximately 20% within the forest 
and bench terrace minigrids. The matorral minigrid is therefore generally wetter than the forest or bench 
terrace minigrids particularly during dry conditions. Furthermore within the matorral minigrid the wet 
areas may be considerably higher in soil moisture than adjacent dry areas during these conditions. For 
example, on July 12, 1995, soil moisture in the wet areas is approximately 25% higher than in the 
adjacent dry areas. 
Wet Conditions- January 27 1996 to April 1 1996 
The di~go.nal pattern of soil moisture generally persists during wet conditions although the ·wet areas are 
now broader and continuous across the grid. The expansion of the wet areas has resulted in a less variable 
soil moisture pattern which is reflected by the lower coefficient of variation during these conditions. In 
the change from dry to wet conditions, maximum soil moisture values in the matorral minigrid may 
increase at some points by only .I 0%. Some areas within the. matorral. minigrid can therefore maintain a 
persistently high soil moisture content throughout the study period. 
6.2.4 Forest Minigrid 
Figures 6.7 show contour plots of soil moisture for each measurement date within the forest minigrid. 
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Figure 6. 7: Contour plots showing the spatial pattern of soil moisture for each measurement date within 
the Forest Minigrid. 
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Dry Conditions- May 20 1995 to November 41995 
Similar to the matorral minigrid a fragmented mosaic pattern of soil moisture may also be observed 
within the forest minigrid. Distinct wet and dry areas may be observed within this 5x5m area. The soil 
moisture patterns during these conditions are therefore spatially discontinuous with large changes in soil 
moisture occurring over relatively short distances. 
Wet Conditions- January 271996 to April] 1996 
During wet conditions the fragmentation in the mosaic pattern tends to persist, although the wet areas 
have expanded. This persistence of the fragmentation in the mosaic pattern during wet conditions is 
reflected in the high coefficient of variation of soil moisture during this period within the forest minigrid 
(table 6.6). 
6.2.5 Bench Terrace Minigrid 
Figures 6.!! show contour plots of soil moisture for each measurement date within the bench terrace 
minigrid. 
171 
Chapter 6 - Temporal and Spatial Variability in Soil Moisture at the Mesa and Micro Scales 
Figure 6.8: Contour plots showing the spatial pattern of soil moisture for each measurement date within 
the Bench Terrace Mini grid 
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Dry Conditions -July 12 1995 to November 4 1995 
The bench terrace minigrid, similar to the matorral and forest minigrids, also displays a fragmented 
mosaic soil moisture pattern during dry conditions. Distinct and spatially isolated wet zones may be 
clearly identified and are surrounded by areas of drier soil. 
Wet Conditions- January 27 1996 to Apri/1 1996 
During wet conditions a mosaic pattern of soil moisture may also be observed within the bench terrace 
minigrid, although the wet zones have expanded and are now connected. The spatial continuity in the soil 
moisture pattern has therefore increased during wet conditions. 
Within all three minigrids the dry zones in the contour plots of soil moisture during wet conditions are 
only relatively dry in comparison to the wet zones. In many instances the soil moisture content at these 
dry zones has trebled in wet conditions. The dry zones may therefore show a comparable increase in the 
magnitude of soil moisture to the wet zones. 
6.2.6 Summary 
Although the minigrids arc a 5x reduction in the scale of soil moisture measurement, the temporal and 
spatial variability in soil moisture at this microscale may be equal to the variability in soil moisture 
recorded at the meso and macro scales. The contour plots of soil moisture at the microscale display a 
pattern of soil moisture which has similar characteristics to those shown at the catchment scale being 
fragmented into a mosaic of relatively wet and dry areas. During dry conditions the soil moisture pattern 
is more fragmented within the matorral and bench terrace minigrids than during wet conditions when the 
expansion of wet areas results in a more uniform soil moisture distribution. In the forest minigrid 
however. the soil moisture pauern in wet conditions remains variable and fragmented. Specific only to the 
matorralminigrid. soil moisture at some points may renwin persistently high, above 30%, even during dry 
conditions, whilst adjacent points downslope may have less than 10% soil moisture. 
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6.3 Factors Controlling the Spatial and Temporal Variations in Soil Moisture 
The spatial pattern in soil moisture within the three gully catchments may be highly variable with large 
differences in soil moisture between points occurring over short distances. The temporal variability in soil 
moisture at individual points and between points may also be high, although the spatial pattern of soil 
moisture is generally persistent through time. The spatial and temporal pattern of soil moisture within the 
gully catchments is therefore complex and may be attributed to the dynamic and diverse nature of bad land 
environments. In order to understand and predict the hydrological functioning of gully catchments 
however, the principal factors controlling the spatial and temporal patterns in soil moisture need to be 
identified (Henninger et al., 1976; Loague, 1992). 
Due to practical considerations, measurements of the soil's physical properties and vegetation 
characteristics at the microscale were constrained to a maximum of six sampling points per minigrid (see 
figure 3.3, Chapter 3 for the location of these sampling points within the minigrids). This small number of 
samples severely limits the meaningfulness and significance of correlations between soil moisture and 
these properties at this scale. The samples from the microscale have therefore been combined with 
samples from the mesoscale when correlating these properties with soil moisture. Although the samples 
from the microscale represent a small percentage of the total number of samples, the results from the 
correlations are assumed to be applicable to the soil moisture patterns observed at both the meso and 
micro scale. This assumption may be justified by the near identical temporal and spatial characteristics in 
the soil moisture patterns· displayed at the micro and meso scales, which suggests that the factors 
controlling soil moisture patterns at these two scales will also be similar. When analysing and interpreting 
the correlations therefore, no distinction is made between the meso and micro scale. Topographical 
parameters were however measured at all 36 sampling points within each minigrid and in the following 
sections the correlations for these variables at the microscale have been distingUished from those found at 
the mesoscale. 
174 
Chapter 6- Temporal and Spatial Variability in Soil Moisture at tile Meso and Micro Scales 
6.3.1 Soil Moisture and Topography 
Mesoscale - Gully Catchments 
Moore eta/. (1988) have reported that 
"topographic non-uniformity within small catchments is a major factor comrolling the spatial variability 
of soil water". 
Furthermore, Torner and Anderson ( 1995) have reported that 51 to 77% of the variation in soil moisture 
across a hillslope could be attributed to elevation, slope angle and slope curvature. Hawley et al. (1983), 
Wood et al. ( 1990) and Grayson et al. (1997) have also reported that topography was a significant 
controlling factor in determining the distribution of soil moisture. In this section, three topographical 
characteristics; elevation, slope angle and upslope contributing area, identilied by Hawley et al. (1983) as 
being signilicant in determining soil moisture, will be correlated with soil moisture from each sampling 
date to determine if these variables are signilicant controlling factors of the observed soil moisture 
patterns within the gully catchments. 
6.3.1.1 Soil Moisture and Elevation 
Table 6.9 shows correlations between soil moisture and the elevation of the sampling points for each of 
the gully catchments. The relationships between soil moisture and elevation are significantly different 
between the gully catchments (p<O.OS). This suggests that elevation is not a universal controlling factor 
of soil moisture distribution between gully catchments, but that the relationship between soil moisture and 
elevation is site specific to each individual catchment. In the matorral gully all correlations between 
elevation and soil moisture are significant and positive (although the percentage variance explained is 
low) indicating that points at higher elevation are generally wetter than low lying areas. This unusual 
relationship may be explained by the morphology of this gully catchment. In its upper reaches this gully 
has a distinctive shallow bulbous shaped morphology (Ireland et al., 19:19: Ternan et al .. 1997). whilst in 
it lower reaches the morphology is a deep 'V' shape. The bulbous morphology is a characteristic of a 
particular line textured sedimentary horizon found within this region in which piping and slumping are 
the principal geomorphic processes (Ternan et al., 1997). Due to its formation and related shallowness 
this bulbous part of the gully generally has a uniformly tine texture which retains more moisture than the 
downslope 'V' shaped part of the gully which exposes sediments of varying texture some of which retain 
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less moisture. In addition a bulbous shaped feature, because of its morphology will tend to retain more 
moisture than a 'V' shaped feature. Within the matorral gully the contour plots of soil moisture (fi gs 6.1) 
show a more uniform and generally higher soil moisture in its upper reaches, particularly during wet 
conditions which may explain the higher correlations between soil moisture and elevation during this 
period (table 6.9). 
Table 6.9 . Co rrelations be tween soil moi stu re and eleva tion for each gu lly 
catchm ent. 
Soi l Moisture M atorral Fores t Bench Terrace 
Same ling Dates Altitude Al titude Altitude 
March 8 1995 ---- -0.40** ----
Ma y20 1995 0.2 9 ** ---- ----
July 12 1995 0.32** -0.45*' -0 .04 
Sep tember 8 1995 0.27** -0. 13 -0.02 
Sep tember 14 1995 0.32** -0.32* * -0 .0 I 
October 27 1995 0.29** -0 .26* * ·0 .07 
October 28 1995 0.32** -0.32 ** -0.12 
October 30 1995 0.3 4 •• -0 .40 .. -0 .13 
November I 1995 0.35** -0.39*. -0 .14 
November4 1995 OJIH -0.42tt -0 .15 
Janu ary 26 1996 0.38*' ---- -0.03 
Janu ary 27 1996 0.39*' 0.0 I -0.03 
Janu ary 28 1996 0.44** -0.05 -0 .05 
Janu ary 30 1996 0..13 *. -0 .0~ .o 03 
February I 1996 0 -17 •• ---- ----
Februar y 2 1996 0.4 7 H 0.0 4 -0.06 
February 4 1996 0.39** -0 .05 0.00 
M arch 28 1996 0.34** -0.24** -0.06 
M arch 30 1996 0.38*' -0 .21* -0.07 
AE ril I 1996 0.37** -0 .24 .. -0.03 
' = sJgnif1can1 al p<O .O~ (9~\t) 
• • = <~gmf1can1 at p<O 0 I (99\t) 
Within the forest gully catchment the correlations between elevation and soil moisture are generally 
negative and ·are higher in dry conditions compared to wet conditions (p<0.05). In dry conditions 
therefore low lying areas within the forest gully are generally wetter than higher areas. The correlations 
are weaker during wet conditions as ex tensive wet areas cover large parts of the gully over a range of 
elevations. In the bench terrace gul ly none of the correlations between elevat ion and so il moisture are 
significant. The lack or sig nificm~t correlations within this gully may be due to the bench terraces bei ng 
constructed over a range of elevations ie. from the top of the slope to the bottom. Therefore the treads and 
risers of the terraces, which are generally high and low in soil moisture respectively, can be found over a 
range of elevations. 
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6.3.1.2 Soil Moisture and Slope Angle 
In the matorral gully soil moisture is negatively related to slope angle with 80% of the significant 
correlations occurring during the wet period, although the percentage variance explained is low (table 
6.1 0). Gently sloping areas therefore tend to be higher in soil moisture than steeply sloping areas. Steep 
slopes are likely to be drier than flat areas due to lower infiltration and higher runoff rates (Hawley et al., 
1983). Nyberg (1996) has also reported a significant negative correlation between soil moisture and slope 
angle for the Gardsjon catchment, in Sweden. In contrast to the matorral gully the distribution of soil 
moisture within the forest gully is positively correlated with slope angle particularly during dry 
conditions. Steeply sloping areas may therefore be wetter than gently sloping areas. Within the gully 
catchments the gully side wall profile follows the general form of convex>linear>concave from the top to 
the base of the slope. The steepest part of the slope is therefore often the convex and linear segments, 
which are upslope of the concave segment. The significant positive relationship between soil moisture 
and slope angle in the forest gully suggests that in some areas of the catchment soil water is being 
retained in ups lope locations (Plate 6.1 ). Since these correlations are strongest in dry conditions minimal 
drainage appears to occur between these upslope areas of the gully and downslope locations. Yair and 
Lavcc ( 1985) have also reported a lack of significant subsurface flow in semi-arid areas which was 
demonstrated by the occurrence of wet areas located upslope of drier areas. The retention of soil moisture 
in upslope locations is further discussed in section 6.3.1.3. In the bench terrace gully soil moisture is not 
significantly related to slope angle on any sampling date. In all three gullies the generally poor 
correlations· with soil moisture indicates that slope angle has only a minor influence in determining soil 
moisture distribution within the gully catchments. 
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Table 6.10. Correlations between soil moisture an d slope angle for eac h gully 
ca tchm ent. 
Soil Moisture M atorral Forest Bench Terrace 
~ling Dates Slope A ng~_: ___ Sloee Angle Slope Angle 
March 8 1995 .... 0.2 4** ----
May201995 -0.08 ---- ----
Ju ly 12 1995 -0 .05 0.34** 0.02 
Sep tember 8 1995 -0.3 1** -0.09 -0 .06 
Sep tember 14 1995 -0.17. 0.16 -0 .03 
October27 1995 -0.08 0.14 0.00 
October28 1995 -0 .06 0. 18* 0.05 
October 30 1995 -0 .10 0.28** 0.03 
November I 1995 -0.07 0.29** 0.05 
November 4 1995 -0 .05 0.32** 0.09 
January 26 1996 -0 .15 ---- 0.04 
January 27 1996 -0 .17 * -0.06 0.02 
Januar y 28 1996 -0.22* 0.00 0.03 
Ja nuary 30 1996 -0 .19* -0 .01 0.03 
February I 1996 -0.26*. ---- ----
February 2 1996 -0 .26*. -0 .07 0.03 
February 4 1996 -0. 15 0.00 0.02 
M arch 28 1996 -0 .25** 0.07 0.03 
M arch 30 1996 -0.28** 0.05 0.04 
Aeril 1 1996 -0.27** 0.10 0.00 
• = signi[ica nt at p<0.05 (95%) 
•• = signi[icant at p<O.O t (99%) 
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Plate 6.1 . An example of soil which is wet to the touch (dark areas) occuning above ~d 
upslope of soil which is dry to the touch (light areas). 
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6.3.1.3 Soil Moisture and Upslope Contributing Area 
Both Burt and Butcher (1985) and Nyberg ( 1996) have concluded that upslope drainage area was more 
important in determining the distribution of soil moisture than any other topographic variable. The 
upslope contributing area refers to the area upslope, which contributes surface flow to a 5x5m pixel cell 
centred on a node point within the gully grid. The calculation of upslope contributing area was based on a 
procedure (Doo) developed by Tarboton ( 1997) for use with rectangular grid digital elevation models. 
"Ups/ope area is ea/ciliated by proportio11i11g flow betwee11 two downs/ope pixels according to /row close 
the flow direction is to tire direct a11gle oft/re dow11slope pixel" (Tarboto11, 1997). 
Should the flow direction fall along a direct angle ie. either a cardinal or diagonal angle then the flow 
from that cell all drains to one neighbour (Tarboton, 1997). Figure 6.9 shows contour plots with the 
percentage of upslope area contributing to each 5x5m pixel within each of the gully catchments. These 
contour plots therefore show the predominant overland flow pathways within the catchments. 
Furthermore, Seyfried and Wilcox (1995) have reported that at the catchment scale pathways of sub-
surface drainage are similar to the pathways of surface flow. The contour plots may therefore also show 
the percentage of upslope area contributing sub-surface drainage to each 5x5m pixel within the gully 
catchments. Consequently the regions with the largest upslope contributing area may be expected to be 
high in soil moisture since potentially a large proportion of the gully's surface and sub-surface flow drains 
to these pixels. These contour plots may therefore be used to predict the wettest areas within the gullies 
(figure 6.9). However, the patterns of soil·moisture shown for each of the three gullies in figures 6.1, 6.3 
and 6.4, does not mirror the pattern shown in the plots of ups lope contributing area. This dissimilarity in 
the predicted and observed patterns is reflected by the weak correlations in table 6.11. In the matorral and 
bench terrace gully none of the soil moisture sampling dates are signiticantly correlated with upslope 
contributing area. In the forest gully low but significant correlations between soil moisture and upslope 
contributing area do occur, indicating some similarity between the contour plots. The generally poor 
correlations between soil moisture and upslope contributing area suggests that neither surface run-on or 
sub-surface drainage are important factors in determining the distribution of soil moisture within the gully 
catchments. 
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Figures 6.9. Contour plots showing the percentage ofupslope area 
contributing surface and sub-surface flow to each 5x5m pixel within 
the gully catchments. 
Matorral Gully Catchment Forest Gully Catchment 
Bench Terrace Gully Catchment 
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This possibility has been further examined by I) correlating the changes in soil moisture between two 
consecutive dates with upslope contributing area during which there was no rainfall to assess the role of 
sub-surface drainage in determining soil moisture patterns and 2) by correlating again the changes in soil 
moisture between two consecutive dates with upslope contributing area during which there was 
approximately 19mm of rainfall to assess the role of surface run-on in determining soil moisture patterns. 
The measurement dates of soil moisture used in these correlations were chosen from the wet period when 
conditions were overcast so as to minimise the role of evapotranspiration as a possible alternative factor 
causing the changes in soil moisture. The occurrence of run-on and sub-surface drainage is also more 
likely during wet conditions when the soils are near to saturation. The two consecutive dates over which 
there was no rainfall are February 2 1996 and February 4 1996. Changes in soil moisture within the 
catchments during this period should consequently show a strong positive relationship with upslope 
contributing area. In contrast the correlations in table 6.12 between the changes in soil moisture over this 
period and upslope contributing area within the matorral and forest gullies are poor and not significant. In 
the bench terrace gully the correlation is significant but is however negative, suggesting that areas, which 
have a large upslope contributing area, displayed a decrease in soil moisture during this period rather than 
the expected increase. Sub-surface drainage would therefore appear to be insignificant in determining the 
distribution of soil moisture within the gully catchments. This may be attributed to the contrasting texture 
of the interbedded sediment horizons found within this region. The spatial arrangement of these sediment 
horizons may result in a discontinuity in sub-surface hydrological pathways. The margins of two 
sedimentary horizons which have differing textures may act as a hydrological boundary, within which soil 
water is retained and the movement of water across the boundary is prevented or limited due to 
differences in hydraulic potential between the two horizons (Hillel, 1982; Brady, 1990) (Plate 6.1 ). lt is 
therefore not uncommon to find tine textured and relatively wet sediment horizons located above and 
upslope of coarse textured and relatively dry horizons. The correlations suggest that the ditTerenccs in 
hydraulic potential between sedimentary horizons may be great enough to prevent downslope drainage 
even during wet conditions. Ritsema and Dekkcr ( 1995) have reported that where strong spatial 
differences in soil moisture occur, then the lateral redistribution of water may be inhibited by the presence 
of isolated dry zones. The consecutive dates over which approximately 19mm of rainfall fell are January 
28 1996 and January 30 1996. Since in the previous example sub-surface drainage was not found to be a 
significant factor in explaining the changes in soil moisture between consecutive dates, then the changes 
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in soil moisture observed on January 30 !996 may potentially be attributed to surface run-on. However, in 
table 6. 12 the correlations between the change in soil moisture over this period and upslope contributing 
area within each gully catchment are poor and not significant. These correlat ions confirm that the spatial 
pattern of soil moisture within the gully catchments cannot be attributed to sub-surface drainage or 
surface run-o n. Nyberg (1996) has also reported poor correlations between the changes in soil moisture 
over consecutive dates and topography. Furthermore, working in a semi-arid environment, Scoging 
( 1989) has noted that the occurrence of throughflow is limited. Barl ing et al. (1994) have also reported 
that throughflow velocities are so low that subsurface flow is independent of the upslope contributing 
area. 
Table 6.11. Co rrelations betw een soil mo is ture and up slope co ntr ibuting area fo r each 
gul ly catchment. 
Soi l Moi sture M atorral Forest Bench Terrace 
Sampling Dates U pslope U pslope U pslope 
Con tr ibuting Area Contribu ting A rea Co ntributin g A rea 
March 8 1995 .... 0.26** . ... 
May20 1995 ·0.0 I ---- ----
Ju ly 12 1995 -0.05 0.2 2. 0.0 I 
Sep tembe r 8 1995 ·0. 1 0 0.2 8 •• 0.05 
Se ptember 14 1995 -0.02 0.2 9 ** 0.02 
October 27 1995 -0 .03 0.17* 0.03 
October 28 1995 ·0 .06 0.18 * 0.07 
October 30 1995 ·0 .0 I 0.22* 0.10 
November I 1995 0.01 0.20* 0.10 
Nove mber 4 1995 0.01 0. 19* 0.11 
Januar y 26 1996 0.02 ---- -0.05 
Janu ary 27 1996 -0.03 0.07 -0.06 
January 28 1996 -0 .05 0.10 -0.0 I 
January 30 1996 -0 .02 0.11 -0.04 
Feb ruary I 1996 -0.07 ---- ----
February 2 1996 -0 .04 0.06 0.02 
Feb ruary 4 1996 -0 .02 0.09 -0 .08 
M arch 28 1996 0.08 0.2 4** 0.0 I 
M arch 30 1996 0.0 l 0.23* 0.00 
A £ril I 1996 -0.02 0.20* -0 .02 
• =significant at p<0.05 (95%) 
•• =significant at p<O .OI (99%) 
Table 6. 12. Corre lations betw een chan ges in soi l moi sture over consecu ti ve dates wi th upslope 
cont ributi ng area for eac h gully catchme nt. 
Sotl M otsture Sa mplin g M atonal Forest Bench Terrace 
Dates I Change in Soil U pslopc U pslop c U pslope 
M OISturc Con tribu tin g A rea Contri butin g Area Contributi n• Area 
January 28- January 30 1996 0.12 0.07 0.12 
Feb ru ar ~ 2 - Fcbruarx 4 1996 0.04 0.12 0.28* 
• = significant at p<0.05 (95%) 
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6.3.2 Soil Moisture and Topography 
Microscale - Minigrids 
The minigrids are located on the slopes of gully walls within the three catchments. The slope angles at 
individual points within the minigrids show a wide range from a minimum of 16° in the matorral minigrid 
to 48° in the forest minigrid. Within each of the catchments the minigrids are located towards the base of 
the slopes and in the matorral and forest catchments the base of the minigrids cover a gully channel. The 
minigrids therefore cover a diverse range of topographical characteristics to which soil moisture pal!erns 
may be related. 
6.3.2.1 Soil Moisture and Elevation 
Soil moisture is significantly correlated with elevation on all sampling dates within the bench terrace 
minigrid and with all sampling dates during dry conditions in the matorral minigrid (table 6.13). These 
correlations are however positive, and therefore similar to the mesoscale, points at higher locations within 
the minigrids are wetter than those points at lower locations. Figure 6.10 shows contour plots of soil 
moisture from a typical dry and wet sampling date overlaid onto digital elevation models of the minigrids 
topography. These figures clearly show wet areas located upslope of dry areas within the matorral and 
bench terrace minigrids, which may be high in soil moisture, particularly within the matorral minigrid 
(>30%). Soil moisture is therefore being retained at upslope locations and/or is draining at downslope 
locations. The moisture pal!erns within these minigrids do not therefore correspond to their topographical 
characteristics. Within the matorral and bench terrace minigrids the positive correlations between soil 
moisture and elevation becomes significantly weaker during wet conditions, due to the expansion of wet 
areas across the minigrids (p<O.OS) (table 6.13, figures 6.6 and 6.8). In the forest minigrid the correlations 
between soil moisture and elevation are negative but generally not significant (table 6.13), although wet 
areas may still develop in ups lope locations (figure 6.1 0). Thus within the forest minigrid soil moisture 
patterns may also not correspond with the topography. 
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Table 6.13. Correlations between so il moisture and elevation within each gu lly 
M inigrid . 
Soil Moisture M ato rral Forest Bench Terrace 
Sam~ling Dates Elevation Elevation Eleva tion 
March 8 1995 ~ ... 0.12 .... 
May20 1995 0.57" · ··- ----
July 12 1995 0.52" -0.01 0.58 " 
Septemb er 8 1995 0.32 ' -0.12 0.4 9" 
September 14 1995 0.45" -0.08 0.60" 
October 28 1995 0.58" -0.29' 0.58" 
October 30 1995 0.47" 
-0.23 0.57" 
Novemb er I 1995 0.49" -0.22 0.56" 
November 4 1995 0.54" -0.25 0.58" 
Janu ary 27 1996 0.20 -0.11 0.35' 
Janu ary 30 1996 0.20 -0.10 0.45" 
February 2 1996 0.25 -0.08 0.37' 
February 4 1996 0.22 -0.11 0.38' 
M arc h 28 1996 0.32 ' ·0.15 0.43" 
M arch 30 1996 0.37' -0.2 1 0.48" 
Ae ril 1 1996 0.26 -0.12 0.34' 
*=significant at p<0.05 (95 % ). 
** = significant at p<O.O I (99%). 
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Figure 6.10: Contour plots of soil moisture from a typical dry and wet 
sampling date overlaid onto digital elevation models of the Mini grids 
topography. 
Matorral Minigrid 
November 4 1995 
Forest Minigrid 
September 14 1995 
Bench Terrace Minigrid 
July 12 1995 
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6.3.2.2 Soil Moisture and Slope Angle 
Figure 6.10 shows that within the three minigrids wet areas may be found in steeply sloping parts of the 
minigrids and dry zones within areas of gentler gradients. Within the matorral and forest minigrids none 
of the correlations between soil moisture and slope ang le were s ignificant and in the bench terrace 
minigrid only one soil moisture sampling date was significantly correlated with slope angle (table 6.14). 
The soil moisture patterns at the microscale in botl1 dry and wet conditions therefore have no relationship 
with s lope angle. 
Table 6.14. Correlations between so il moisture and slope ang le with in each 
M in igrid . 
Soil Moisture M atorral Fores t Bench Terr ace 
_}.__~.!~gJ> ate s ________ .§.}~p.£_~g~------
... ..§..~~P-~--A.-~ .. glc: __ ........... ~l.~P.C:._I\E . .Sl.e. ........ 
March 8 1995 0.22 
May 20 1995 0.25 
July 12 1995 0. I 4 0.20 ·0.18 
September 8 1995 -0.07 0.09 ·0.09 
September 14 1995 0.03 0.16 -0.14 
October 28 1995 0.05 ·0.08 -0.28 
October 30 1995 0.09 ·0.0 1 ·0.25 
November I 1995 0.10 ·0.0 1 ·0.20 
November 4 1995 0.16 0.03 ·0. 19 
January 27 1996 0.24 -0.16 ·0. 19 
January 30 1996 0.27 -0.15 ·0.34' 
Feb ru ary 2 1996 0.25 -0.14 ·0.22 
Feb ru ary 4 1996 0.27 ·0.14 ·0.28 
M arch 28 1996 0.25 ·0.12 ·0.20 
March 30 1996 0.19 ·0. I 5 ·0.28 
Ae rilll 996 0.22 -0.17 ·0.22 
* =s ignificant at p<0.05 (95% ). 
**=significant at p<O.OI (99% ). 
6.3.2.3 Soil Moisture and Upslope Contributing Area 
Upslope contributing area within the minigrids was calculated using the technique developed by Tarboton 
( 1997) following the procedure used at the gull y catchment scale. At the minigrid scale the ups lope 
contributing area refers to the area upslope which may contribute surface and sub-surface flow to a I x I m 
pixel within the minigrid . T he reg ions wit h the largest ups lope contribut ing area may there fore be 
expected to be high in soil mo isture. Consequentl y these contour plots may be used to predict the wettest 
areas within the minigrids. S imilar to the results found at the catchme nt scale, the pattern of soi l moisture 
shown for each of the three minigrids (figures 6.3.1, 6.3.2 and 6.3.3) do not mirror the patterns shown in 
the plots of ups lope contributing area (figures 6.11 ). T his dissimi larity between the observed and 
predicted patterns is refl ected by the poor correlations in table 6. 15. Only 13% and 50% of the 
correlations between soil moisture and upslope contributing area were s ignificant in the matorral and 
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bench terrace minigrids respecti vely, and none with in the forest minigrid . The few significant correlations 
in the matorral and be nch terrace minigrids are all negative which indicates that those pixels which have a 
high upslope contributing area are lower in soil moisture. 
Table 6.15. Corre lations between soil moisture and upslope co ntributing area wi th in each 
M inigrid. 
Soil Moisture Mato rral 
Sampling Dates Upslope 
Con tributin g Area 
March 8 1995 
May 20 1995 ·0.34' 
July 12 1995 -0.23 
September 8 1995 0.12 
September 14 1995 -0.01 
Oc tober 28 1995 -0.17 
October 30 1995 -0.18 
November I 1995 -0.21 
November 4 1995 ·0.31' 
January 27 1996 -0.04 
January 30 1996 ·0.02 
Feb ruary 2 1996 -0.05 
Feb ruary 4 1996 -0.05 
M arc h 28 1996 -0.11 
M arc h 30 1996 -0.07 
A eril I 1996 -0.0 4 
• = significant at p<0.05 (95 % ). 
•• =sig nifican t at p<O.OI (99 'k ). 
Forest Bench Terrace 
Upslo pe Ups lope 
-··· C o n...'!.i~J!.!i.!!E._A re~----.f.~_i bu ting_!\..!.C..!._ 
0.00 
0.06 -0.40" 
0.10 -0.32' 
0.06 -0.41'' 
0.13 -0.3 4. 
0.09 ·0.37' 
0.06 ·0.37' 
0.10 -0.39' 
0.08 ·0.14 
0.08 ·0.18 
0.06 ·0.06 
0.09 ·0.16 
0.19 -0.22 
0.21 ·0.20 
0. 11 ·0.12 
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Figure 6.11 . Contours plots showing the percentage of 
upslope contributing area draining to each 1x1m pixel 
cell within each Minigrid. 
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The generally poor correlations between the topographic parameters and soil moisture may be due to the 
measurement of only the top 15cm of soil. At greater depths topography may be more significant in 
determining the distribution of soil moisture. Nevertheless, the poor relationships between surface soil 
moisture, elevation, slope angle and upslope contributing area suggests that topographic factors are of 
little significance in determining the spatial and temporal soil moisture patterns observed at both the 
micro and meso scales. Distinctive wet zones may be found in upslope locations on steep slopes within 
each of the catchments and is a characteristic which, particularly within the minigrids, is more 
pronounced during dry conditions. Soil moisture is retained within these upslope locations and evidence 
of drainage to downslope locations is minimal. During wet conditions the downslope locations within the 
catchments may also become wet. However, the soil moisture patterns and the poor correlations with 
upslope contributing area suggest that these wet locations downslope are due to the excessive amount of 
rainfall during this period and not to sub-surface drainage or surface run-on. Topography may therefore 
only determine the concentration of runoff and not the location of source areas (Amerman, 1965). 
Similarly both Bemdtsson and Chen (1994) and Ritsema and Dekker (1995) have reported no significant 
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correlations between the spatial pattern of soil moisture and topography. Amerman ( 1965) has reported 
that runoff producing areas were located randomly in relation to topography. Charpentier and Groffman 
( 1992) who have also found no correlation between soil moisture and topography have instead attributed 
the variation in soil moisture to factors such as soil texture, structure and vegetation cover. 
6.3.3 Soil Moisture and Vegetation 
Vegetation both directly through its aerial and sub-aerial parts and indirectly through organic constituents 
has been reported to influence the spatial variability of soil moisture in several ways. These include 
interception storage and evapotranspiration losses (Reynolds, 1970; Hawley er al., 1983; Rabada and 
Gallart, 1993), the concentration of water through stemflow and root channels (Herwitz, 1986), promoting 
runoff via litter flow and soil hydrophobicity (Krammes and Debano, 1965; Pierce, 1967; Coelho Nctto, 
1987; Terry, 1992), increasing the water holding capacity (Hudson, 1994), and promoting soil structure, 
infiltration and soil permeability (Biackburn, 1975; Johnson and Gordon, 1988; Dunne et al., 1991; Morin 
and Kosovsky, 1995; Nicolau er al .. 1996). In this section soil moisture will be correlated with three 
vegetation characteristics, the percentage vegetation cover. percentage litter cover and organic carbon, to 
determine if these variables arc significant controlling factors in the spatial distribution of soil moisture. 
6.3.3.1 Soil Moisture and Vegetation Cover 
Correlations between soil moisture and the percentage vegetation cover for each of the gully catchments 
are shown in table 6.16. In the matorral gully significant correlations between soil moisture and 
vegetation cover only occur on measurement dates during dry conditions. Soil moisture in the bench 
terrace gully is not significantly correlated with vegetation cover on any of the sampling dates. Francis er 
al. ( 19!!6) have also reported poor correlations (0.2) between vegetation cover and soil moisture. The 
forest gully differs from the matorral and bench terrace gullies in that soil moisture is significantly 
correlated with vegetation cover on over 70% of the sampling dates. Similar to the matorral gully these 
correlations are generally stronger during dry conditions. The stronger negative correlations between soil 
moisture and vegetation cover within the three gully catchments during dry compared to wet conditions, 
suggests that the role of vegetation in determining soil moisture patterns is limited to dry conditions when 
the effects of canopy storage, evaporation of intercepted rain and the moisture demands of the plants are 
greatest. Zhang and Berndtsson (I 988) have also reported that the influence exerted by vegetation cover 
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on soil moisture variation may be greatest when investigating only the upper soil layers and during dry or 
drying out periods. The persistence of strong negative correlations between soi l moisture and vegetation 
cover during wet conditions within the forest gully which in contrast does not occur in the matorral gully 
allows a distinction to be made between the role of Pinus trees and matorral scrub in determining soi l 
moisture patterns. Matorral scrub appears to only have a negative effect on soil moisture patterns during 
dry conditions becoming unimportant as a controll ing factor in soil moisture patterns during wet 
conditions. The role of Pinus trees in contrast persi sts to a simi lar degree in both dry and wet conditions. 
Table 6.16. Correlations between so il m oistu rc and vegetation cove r for each 
gully catchm ent. 
So il Moisture M atorral Forest Bench Terrace 
Sam~ling Dates Vegetation Cover Vegetat ion Cover Vegetation Cover 
March 8 1995 -0.3 1** 
May 201995 -0 .18* 
Jul yl21995 -0 .12 -0 .28** 0.00 
Sep temb er 8 1995 0.05 -0.05 -0 .02 
Septemhcr 14 1995 -0.05 -0.17* 0.05 
Oc tober 27 1995 -0 .23. -0.2-l** -0.16 
0 ctoher 28 1995 -0 .25** -0.33** -0.15 
0 ctohcr 30 1995 -0.21 * -0.37*' -0 14 
Novcrnhc r I 1995 -0 ~ t • -0.37** -0 11 
Nol'cmbcr 4 IIJ95 -0.16 -0.37** -0.06 
January 26 1996 -0 .04 -0.0 I 
Janu ary 27 1996 -0 .04 -0. 14 -0.02 
Jan uary 28 1996 0.03 -0 .14 0.0 I 
January 30 1996 0.00 -0 .14 0.00 
February I 1996 0.04 
February 2 1996 0.03. -0.13 0.03 
February 4 1996 -0.04 -0.17* -0.01 
M arch 28 1996 -0 .06 -0.28 •• 0.00 
M arch 30 1996 -0 .09 -0 .26** -0.10 
Aerill 1996 -0.08 -0.26** -0.05 
• = &ignificant at p<0.05 (95%) 
" = significant at p<O.Ot (99%) 
The effects of vegetation on soil moisture are generall y localised, being restricted to the area over which 
the plants aerial and sub-aerial parts cover (B lack burn, 1975 ; Johnson and Gordon, 1988). The contrasting 
role of vegetat ion in determining soil moisture patterns during dry nncl wet conditions may there fore be 
. . . . . . . . . 
best illustrated at the local scale. Figure 6. 12 shows a cross section from the forest gull y watershed . The 
topographic profile, vegetation cover and soil moisture pattern recorded on a date during dry conditions 
(Oct 28 1995) and on a date during wet conditio ns (Jan 28 1996) are shown. The soil moisture over this 
35m long cross section varies from approximately 8% to 18% on October 28 1995 and from 31 % to 37% 
o n January 28 1')96. The variability in !\Oi l mni~turc cannot be attnbutcd to topography s ince all o f the 
points are located at a similar e levation and are on a uniform slo pe. As the soil texture along the cross 
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section is also similar at all of the points, the variability in soil moisture is likely to relate to vegetation 
characteristics. During dry conditions the soil moisture pattern along the cross-section is more variable 
than during wet conditions reflecting the greater influence exerted by vegetation cover on soil moisture 
patterns during this period. Furthermore, during the dry condition, the point with the highest soil 
moisture are located in an area where there is an opening in the forest canopy cover and therefore 
interception and evaporation losses will be lower at these points than the other points where the 
percentage vegetat ion cover is higher. At these smaller scales vegetation may therefore be a significant 
factor in determining so il moisture patterns. 
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The switchi ng effect on soil moisture patterns caused by differences in soil texture discussed in Chapter 5, 
section 5.2, may also be caused by differences in rooti ng density. Figure 6. 13 shows an example of a 
~witchi ng cff~ct in soil moisture patterns caused by differences in root density within the forc~t gull} 
. . ~· 
catchment. During dry cond itions, point B which is closer to a tree and has a greater root density than 
point A, has & lower soil moisture content due to a higher uptake of soil water by the greater number of 
roots. During wet condi tions however, point B has a higher soil moisture content than point A, thus 
switching the moisture pattern . The switchi ng is due to soil root interfaces acting as channels for water 
llow. which i~ !>i milar to ~ te mllow. The tree~ demand for moi!.ture is also lower dunng wet cond1t1on ~ 
resulting in less evapot ranspiration. Point B may also wet up more rapidly than point A, particularly after 
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dry periods when the soi l surrounding the roots has shrunk leaving an air gap allowing the rapid 
penetration of water into the soil. Bouten et al. ( 1992) have also reported switching effects in soi l 
moisture pattern caused by the preferential uptake of water by trees from areas high in soil moisture. 
Nyberg ( 1996) in contrast however, worki ng in a catchment dominated by Norway spruce found no 
correlation between water content and distance to the nearest tree. 
Figure 6.13. A switching effec t in so il moisture patterns cau sed by roots. 
Dry Conditions 
Point A Point B 
Root 
2.4% 
TD R Rod s 
Wet Co ndit io ns 
Point A Poin t B 
6.3.3.2 Soil Moisture and Litter Cover 
Putuhena and Cordery ( 1996) have reported that a litter cover consisting of pine needles may have an 
interception capacity of 2.8mm. If the volume of rainfall is less than the interception capacity of the litter 
cover, then the water may be stored within the li tter and evaporated with little infiltration into the soi l. 
However, evaporation from a bare soi l surface may be higher than from a surface covered with litter 
(Ward and Robinson, 1990). The litter cover may therefore act to conserve soil moisture. Litter cover may 
also act as a reservoir, storing rai nwater, which is slowly relea ed into the underl ying soil , maintaining 
soil moisture (Coelho Netto, 19H7 ; Putuhena and Cordery, 1996). The li tter cover may also act to reduce 
. . . . . . . . , . . . . . . . . . .. . . - - . . . - . . . .. . 
raindrop impact protecting the soil surface from crusting and seali ng and hence maintaining the 
infiltration rate (Mclntyre, 1958; Le Bissonnais "and Singer, 1992, 1993). In contrast water repellent 
organic residues wi thin the litter may be leached into the underlying soil, forming an organic coating over 
the soil particles inducing soil hydrophobicity, which may restrict infiltration and increase surface runoff 
( Krammes and Debano. 1965: Terry. 1992). The underl ying ~oil may therefore remain dry ( Krammcs and 
Debano, 1965; Ritsema and Dekker, 1996). Furthermore in the absence of soil hydrophobicity, Nicolau et 
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al. (1996) working in the south of Spain have reported that shrub and bush liller may favour runoff. 
Pierce (1967) and Coelho Neuo (1987) have also reported surface runoff over litter surfaces even though 
the underlying soil was relatively dry. Liller cover may therefore have two contrasting effects on soil 
moisture, one effect may be to maintain or possibly increase soil moisture whilst the other may limit 
infiltration, reducing soil moisture. Furthermore the effects of I iller cover on soil moisture may show a 
temporal dependency (Putuhena and Cordery, 1996). During dry conditions the interception capacity and 
potential hydrophobicity of the litter cover may be highest and therefore areas of higher I iller cover may 
have a lower soil moisture. During wet conditions however, the hydrophobicity and interception capacity 
of the litter cover will be at its lowest and areas of greater liuer cover may have a higher soil moisture. 
The correlations in table 6.17 show that in general litter cover has little effect on soil moisture within the 
gully catchments and the correlations that do occur may be positive or negative, ie. liller cover may be 
associated with both high and low soil moisture. In the forest and matorral gullies 71% and 100% of the 
negative correlations respectively occur in dry conditions when the interception and evaporation losses 
from the lillcr cover arc highest. The positive correlations in wet conditions indicate that the litter's 
storage capacity is exceeded releasing moisture into the soil. 
.· ..... 
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Table 6.17. Correlations between so il moisture and litter cover for each 
gully catchment. 
Soil Moisture M atorra l Forest Bench Terrace 
Sam~ l ing Dates Litter Cover Litter Cover Litter Cover 
Ma rch8 1995 ---· -0.16 ----
May20 1995 -0 .11 ---- ----
July l21995 -0.14 -0 .25 ** 0.04 
September 8 1995 0.49** 0.24** 0.30* * 
September 14 1995 0. 14 0.00 0.24 * * 
October 27 1995 -0 .08 -0 .10 0.09 
October 28 1995 -0.07 -0. 17* 0.10 
October 30 1995 -0 .08 -0 .27** 0.06 
November I 1995 -0.10 -0.3 I** 0.04 
Nove mber 4 199 5 -0.17* -0.35** 0.03 
January 26 1996 0.00 ---- 0.05 
Ja nuary 27 1996 0.06 0.06 0.06 
January 28 1996 0.16 0.03 0.10 
January 30 1996 0.06 0.04 0.06 
February I 1996 0.20* ---- ----
February 2 1996 0.16 0.06 0.10 
February 4 1996 0.00 0.02 0.06 
M arch 28 1996 0.13 -0.0 I 0.20* 
M arch 30 1996 0.14 0.00 0.15 
A~ r il l 1996 0.21 * -0 .02 0.14 
• = significanl al p<0.05 (95'k) 
'• = significan l a1 p<O.O I (99'k) 
" 
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6.3.3.3 Soil Moisture and Organic Carbon 
Organic carbon is a measure of the fi ner organic materials within the soil and has been reported to be 
partic ularly important in the stabi lity of soil aggregates (Ternan er al. 1996a). [n chapter 4 organi.c carbon 
was reported to be the most sig nificant factor in determini ng the aggregate stability of the soi ls within the 
gully catchments and therefore plays a critical role in maintaining the structure of the surface soil. Table 
6. 18 shows the correlations between organic carbon and soil moisture for each gully catchment. In each 
of ihe gullies less than 23% of the soil moisture sampling dates are significantly correlated with organic 
carbon. Organic carbon is therefore only a minor factor in determi ni ng soil moisture distribution withi n 
the gull y catchments. Where sig nifi cant corre lations do occur these are negative and 1:ignili cantly stronger 
in dry compared to wet conditions (p<0 .05). Areas high in organic carbon will therefore in ge neral have a 
. ·. . . . . ... . . . .. · .. ·. . .. . .. · . . ' . ... . ·. . ' .. · ... 
lower soil moisture content than areas low in organic carbon. The greater stabil ity associated wi th organic 
carbon suggests that soils high in organic carbon will have a greater number of larger pores since the 
breakdown of aggregates and the subsequent in-wash ing of fine particles, resulting in an increase the 
. . . . • , . . . 
number of small pores, wi ll be relatively mino r in occurrence (Le Bissonnais and Singer, 1992, 1993). [n 
chapter 4, organic carbon was associated wit h an increased number of transmission pores (>60j..tm). These 
pores do not retain water and drain under the force of gravity (Hillel, 1982; Rowell, 1994 ). Therefore 
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soils with a greater number of medium to large pores may, particularly during dry conditions, have a 
lower soil moisture since these pores will be empty. 
Table 6.18. Corre lat ions between soil mois tu re and organic carbon for each 
gully catchmen t. 
Soil M oislurc M atorra l Forest Bench Terrace 
Sam~l ing Dates 0 rga nic Carbon 0 rganic Carbon 0 rga nic Carbon 
March 8 1995 ---- -0.12 ----
May20 1995 -0.20 ---- ----
Jul yl21995 -0.28* -0.32* -0 .22 
September 8 1995 0.28* 0.10 -0 .11 
September 14 1995 0.00 -0 .12 -0.19 
October 27 1995 -0.07 -0.14 -0.26 
October 28 1995 -0.12 -0.17 ·0 .3 3. 
October 30 1995 -0. 15 -0.30* -0.33* 
November I 1995 -0.17 -0.35** -0.34* 
Novem ber 4 1995 -0.23 -0.38** -0.31 * 
January 26 1996 -0.03 ---- -0 .10 
January 27 1996 0.02 0.10 -0 .13 
Janu ary 28 1996 0.04 0.04 -0 .04 
Janu ary 30 1996 -0.04 0.06 -0.10 
February I 1996 0.03 ---- ----
February 2 1996 0.02 0.11 -0.02 
Fchruar y ~ 1996 -0 .08 -0 .0 I -0.1 1 
M arch 28 1996 !Ul I -0 .15 -0.06 
M arch 30 1996 0.05 -0.11 -0.15 
Apr il I 1996 0.04 -0 .14 -O.OX 
I 
• =. tgntfican l Jl p<0.05 (95\t) 
I •• = significan l a1 p<O.Ot (99%) 
6.3.3.4 Summary 
Within the forest gully catchment the percentage vegetation cover is the most important vegetation 
characteristic in determining soil moisture patterns. In contrast to matorral scrub the nega~ive relationship 
between soil moisture and Piwu trees continues during wet periods suggesting that afforestation may 
exert a sustained influence on soil moisture patterns. Furthermore vegetation generally explains a greater 
percentage of the variation in soi l moisture during dry compared to wet conditions, suggesting that the 
effects of vegetation on soil moisture patterns arc more ev ident d uring dry weather cond it ions whe n 
medium ·to low. soil moisture prevails and··e.vapotransptration-e ffeots· are highest. Litter cover and org.aAic .. 
carbon appear to have little effect on soil moisture patterns within the gull y catchme nts. The correlations 
presented above suggest that vegetatio n characteristics explain a greater proportio n of the variability in 
soil moisture than topographic parameters and may therefore be considered as more important factors in 
determini ng soil moisture patterns within the gully catchments. 
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6.3.4 Soil Moisture and Soil Properties 
Variability in soil properties, particularly those directly related to soil hydrology can result in significant 
variations in soil water content (Beckett and Webster, 1971; Greminger er al. 1985; Vachaud et al. 1985; 
Burrough, 1993). In this section several soil properties including, saturated hydraulic conductivity, bulk 
density, pore size distribution and soil texture are correlated with soil moisture to establish their 
significance as potential controlling factors in determining the spatial distribution of soil moisture. 
6.3.4.1 Soil Moisture and Saturated Hydraulic Conductivity (Ksat) 
In chapter 4, values of K,., were found to be highly variable within all three gully catchments and in the 
matorral and bench terrace gullies were not significantly correlated to any other soil or vegetation 
property. In the forest gully however, K,,. was significantly positively related to the volume of roots and 
organic carbon, both of which were related to an increased number of transmission pores. Within the 
forest gully therefore K,,. was also significantly positively related to the percentage of transmission pores. 
K_,, is the maximum rate of water conductivity through a soil and may be used as a measure of how 
quickly infiltrated water is redistributed away from the soil surface (Selby, 1982; Jabro, 1992; Rowell, 
1994). Areas with a low soil moisture may therefore coincide with areas, which have a moderate to.high 
K,,.. Table 6.19 shows correlations between soil moisture and K,,. for each gully catchment.· In the 
matorral gully the correlations show a positive relationship between soil moisture and K,., which is 
significant,-panicularly during wet conditions. This positive relationship implies, surprisingly, that areas 
of high K,., are also high in soil moisture. This unusual relationship may in some areas be related to the 
presence of just one or two large transmission pores within the sampled cores which coniribute to a liigh 
K,., whilst the soil surrounding these large pores may be dominated by residual pores which retain water. 
The drainage effects of the transmission pores may therefore be outweighed by the greater number of 
residtial"pofes resulting in a high soil nioisture iogether with a high K_,,. This plienomencui has been· 
observed in soils which nre vulnerable to cracking (Wilding, 1985). Soils vulnerable to cracking generally 
., ~ 
have a fine texture with a high residual porosity. The cracks however represent areas, which have a high 
Tate· of water conductivity. The water flowing in these cracks during·storm events may often move into 
the surrounding soil matrix and into the residual pores. In the locality of cracks soil moisture may 
therefore be high and coincidental with a high rate of conductivity (Wilding, 1985). 
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Table 6. 19. Correlations between soil moisture and sa turated 
hydrau lic conductivity for each gully catchment. 
Soil Moisture M atorral Forest Bench Terrace 
SamEiing Dates Ksa t Ksat Ksat 
March8 1995 -0. 17 
May201995 0.22 
Julyl21995 0.15 -0.36 -0 .11 
September 8 1995 0.29 0.06 0.32 
September 14 199 5 0.12 -0.27 0. 13 
October 27 1995 0.4 8* -0 .25 0.00 
October 28 1995 0.4 5* -0 .28 -0.10 
October 30 1995 0.32 -0.35 -0 .16 
November I 1995 0.27 -0.47 * -0.13 
November 4 199 5 0.18 ·0.47* -0.19 
1 anuary 26 1996 0.49* -0.11 
January 27 1996 0.44* -0.39* -0.03 
January 28 1996 0.44 * -0.38* -0.12 
1 anuary 30 1996 0.5 I* -0.4 1 * -0.12 
February I 1996 0.45** 
February 2 1996 0.4 3 * -0.42 * -0.17 
February 4 1996 0.4 7 * -0 .44* -0.12 
Ma rch 28 1996 0.5 8** -0.40* 0.07 
M arch 30 1996 0.5 8 * * ·0 .26 -0 . 11 
AErill 1996 0.4 5 * ·0.25 -0.07 
*=significant at p<O .OS (95 %) 
**=significa nt at p<O.O I (99%) 
····~····~---.,-
--w·· ···--····--·······~ --- .•..... ..2 
In the forest gull y 47% or the sampling dates show negati ve corre lations between soil moisture a nd K"" 
which are generall y stronger duri ng wet compared to dry conditions. ln contrast to the matorral gully, 
drier soils within the forest gull y .are generally related to areas of high K,.,,. These corre lations may be 
stronger during wet condi tions .since the rate of conductivi ty (K,a,) wi ll be greatest during th is period and 
consequently the movement of water away from surface horizons will be rapid . In the bench terrace gully 
no significant correlation~ are found between soil moisture. and Ksat· 
K,., may be an important" factor in determi ning the distribution of soil moisture within the matorral and 
forest gullies, although the correlations are low suggesting that much of the variabi lity in soil moisture is 
still unexplained . ln the bench terrace gull y, K,a1 appears to have li tt le if any effect on soil moisture 
patterns·: 
6.3.4.2 Soil Moisture and Bulk Density 
Table 6.20 shows correlations between soi l moisture and bulk densi ty within the gully catchments. In the 
matorral gully none or the corre latio ns between soil moisture and bulk density are significant. Ritsema 
and Dekker (1994) also found no correlation between so il moisture and bulk density. ln the forest gully, 
soils with a high bulk density are generally correlated with high soil moisture which may be a reflection 
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of soil texture and consequently porosity. Fine textured soils may be relatively compact and exhibi t a high 
residual porosity, which may result in a high bulk de nsity together with a high soil moisture. In the bench 
terrace gully soil moisture is sig ni fi cantly negatively correl ated on 55% of the sampling dates during wet 
conditions and therefore in contrast to the forest gu lly, soils with a higher bulk density generally have a 
lower soil mo isture content. This may be an indication of crusting and sealing of the soil surface wh ich 
may restrict the movement of water into the soil, maintaining a relatively low soi l moisture content below 
the initial soil surface (Le Bissonnais and Singer, 1992). However the mean aggregate stabi lity within the 
bench terrace gully is relatively high at 7 1% (Chapter 4), and suggests relatively stable aggregates. 
Surface sealing is there fore unli kely to occur through aggregate breakdown and the subsequent infilling 
of surface pores , but may however result from the swelling of the top few centimetres o f the soil caused 
by saturation which may occur during wet conditions. Below the near-saturated surface horizon the soi l 
may re main relatively dry (Brady, 1990) and therefore the average soil moisture mea ured by TOR may 
be low. 
---
Table 6.20. Correlations be tw een so il mo isture and bulk density 
for each gully ca tchm ent. 
Soi l Moistu re 
Sampling Dates 
March 8 1995 
Ma y 20 199 5 
July l2 1995 
September 8 1995 
September 14 1995 
October 27 1995 
0 ctob er 28 1995 
0 ctober 30 1995 
November I 1995 
November 4 1995 
Janua ry 26 1996 
January 27 1996 
January 28 1996 
January 30 1996 
February I 19 96 
February 2 1996 
February 4 1996 
. ~ a rch _2~ _ 1 99 6 
M arch 30 1996 
Ap ril I 1996 
M atorra I 
Bulk Densi ty 
0. 12 
0.30 
-0.05 
0.09 
0.20 
0.1 4 
0.19 
0.22 
0.23 
-0.12 
-0 .14 
-0 .10 
-0.08 
-0.09 
-0 .03 
-0. 12 
-0. 11 
-0 .18 
-0. 18 
• =significant at p<0.05 (95 %) 
**=significan t at p<O.O I (99%) 
6.3.4.3 Summary 
Forest 
Bulk Densit y 
0.26 
0.40* 
0.03 
0.28 
0.37 
0.33 
0.38. 
0.41 * 
0.41 * 
0.20 
0.18 
0.28 
0.24 
0.25 
0.4 0* 
0.30 
0.22 
Bench Terrace 
Bulk Density 
-0 08 
. 0.09 
-0 .16 
0.06 
0.16 
0.00 
-0 .03 
-0.06 
-0.42* 
-0.36 
-0 .4 1 * 
-0.4 5 * 
-0.3 
-0.42* 
-0.42* 
-0.1 ~ 
-0.22 
The generally poor correlations between soil moisture and K •• , and bulk dens ity indicate that these 
properties, which are often used as guides for soil str ucture (Landon, 1993; Rowel l, 1994), are poor 
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indicators of soil moisture patterns within this region. These properties therefore have little innuence in 
determining the spatial pattern of soil moisture within the gully catchments. These surprisingly poor 
correlations between soil moisture and K,., and bulk density may be attributed to very localised factors 
such as soil cracking and surface sealing which may have a significant and overriding effect on soil 
moisture regardless of the soil hydraulic conductivity or bulk density. 
6.3.4.4 Soil Moisture and Pore Size Distribution 
The pore size distribution of a soil will be an important factor in determining its moisture content since it 
is the pores through which water nows and in which water is retained (Hillel, 1982; Reeve and Carter, 
1991; Rowell, 1994). As previously stated in chapter 4 the total porosity (which is also the percentage 
volumetric soil moisture at saturation) has been divided into transmission pores (pores >fiO~m in 
diameter), storage pores (pores 0.2-60~m in diameter), and residual pores (pores <0.2~tm in diameter), 
based on the pore size classilication system used by Thomasson (197!!) and Rnwcll ( 1994). In the 
following sections soil moisture is correlated with each of these pore size classes including total porosity 
to determine their significance as controlling factors in the spatial distribution of soil moisture. 
Transmission Pores 
Transmission pores allow the rapid flow of water through the soil permitting drainage and in some cases 
allo~i~g water io bypass. the soil matrix (Beven and Germaim, 1982). By. aliowlng water to bypass tlie 
soil matrix, transmission pores may therefore assist in maintaining a relatively low soil moisture. The 
effectiveness of transmission pores in soil drainage may be expected to be greatest during wet conditions 
and in sub-surface horizons where the moisture content is highest and hence the rate of conductivity is 
greatest. During dry conditions the pores arc likely to be inactive and their main effect on soil moisture 
will be through the volume of soil that they occupy. During dry conditions therefore transmission pores 
may show a negative relationship with soil moisture since a greater percentage of transmission pores will 
be a larger volume of empty pores. Table 6.21 shows correlations between soil moisture and the 
percentage of transmission pores in· the surface and sub-surface soil for each gully catchment. In the 
surface horizon, only 31 '7r and 23% of the sampling dates in the matorral anti forest gullies respectively. 
show significant correlations between soil moisture and transmission pores, all of which are negative and 
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occur during wet conditions. In the bench terrace gully the soil moisture data is uncorrelated with 
transmission pores in the surface horizon on all of the measurement dates. ln the sub-surface soi l 
correlations between soi l moisture and transmission pores in all of the gull ies are much stronger. Within 
the matorral and forest gullies soil moisture on all sampling dates is s ignificantly negatively correlated 
with the percentage of transmission pores in the sub-surface horizon. In the bench terrace gully soil 
moisture data from all measurement dates during wet conditions are also signi ficantly negatively 
correlated with transmission pores. These strong correlations suggest that transmission pores are a 
significant factor in determining soil moisture patterns, particularly within the matorral and forest gully 
catchments where the importance of transmission pores in determining soil moisture patterns persists in 
both dry and wet condi tions. 
- -· l Table 6.21. Correlations between soi l moisture and tran srn ission pores for each gu lly catch ment. ~ surface horizon ~ ~ sub -surface horizon Soil M o i,tu r~ M a1orral Fore' I Bench M a10rral Fore' ' Rend1 Samp li ng Dalo Tran'm is, ion Transmi,sion Terrace Transmiss ion Transm is, ion Tnracc Pore, Pore' Transm i~s i on Pores Pore' Tra n~IIIISS I O n 
Pore' Pore' 
Mmh 8 1995 ·0.42. ·0 .69'. I 
May20 1995 ·0.3 I ·0.64 •• 
July 12 1995 ·0.37 -O. tl 0.13 ·0.76'. ·0.53. ·0 .60' . 
September81995 ·0.08 ·0.08 -0.35 ·0.65 " -0.4 7. ·0. 16 
September 14 1995 ·0.26 ·0.21 ·0.05 ·0.73'. ·0.6t'. ·0 35 
October 27 1995 -0.30 ·0.13 ·0.28 ·0.61" ·0.43' ·0.21 
October 28 1995 ·0.22 ·0.10 ·0 .35 ·0 .62" ·0.41 ' ·0.40 ' 
October JO 199 5 ·0.26 -0 .16 ·0.38 ·0.69'. -0.44 . ·0.35 
November I 1995 ·0.30 . (}.23 ·0.22 ·0.69 .. ·0 .54. -OJt 
November 4 1995 ·0.27 ·0.24 ·0.19 ·0.70 .. ·0.54' ·OA1' 
January 26 1996 ·0.42* 0.12 ·0.71'. -0.49. 
January 27 1996 ·0.42' ·0.37 0.08 ·0.69'. ·0.66' ·0 .42. 
January 28 1996 ·0.40 ·0.30 0.07 ·0.67" -0.58'. -0.44. 
January 30 1996 -0.46* ·0.38' 0.07 ·0.13 .. ·0.70'' ·0 .4 6' 
February I 1996 -0.43. -0.70" 
February 2 1996 -0.47' -0.32 ·0.0 1 ·0.15'* ·0 .68'. ·0.32 
Febru ary 4 t996 -0.49' ·0.42' 0.09 ·0.74'' ·0.72" ·0.45' 
M arch 28 1996 -0.37 -0.40' -O.It -0 .74" -0 .74" -0.61 .. 
M arch 30 1996 -0.2 1 -0.26 -0.06 -0.62 .. -0.69" ·0.55'. 
A£rill 1996 ·0.07 ·0.12 0.03 -0.4 7* ·0.55.' 
-0.39' 
• =significant at p<0.05 (95%) 
" =sig nificant at p<O.O I (99 %) 
Storage Pores 
Storage pores retain water under the force of gravity and may provide a valuable source of water to plants 
particularly during dry conditions (Rowell, 1994). Table 6.22 shows correlations between soil moisture 
and the percentage of storage pores. Most of the correlations are weak and not significant, particularly in 
the matorral gull y. /\11 significant correlations but one arc found on sampli ng dates during wet cond it ions. 
These correlations suggest that storage pores have only a minor role in determining the soil moisture 
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patterns observed within the gull y catchments. Since storage pores retain water which is avai lable to 
plants, the volume of soil moisture within these pores may therefore depend upon the vegetation cover 
and root network . The patchiness of vegetation cover in dry e nvironments may therefore give rise to high 
variabi lity in the amount o f water held in storage pores. Correlations between soil moisture and storage 
porosity may therefore be expected to be weak. In wet conditions however, the spatially variable uptake 
of water from storage pores is reduced as less evapotranspiration occurs and the storage pores are 
constantly recharged. Correlati ons between soil moisture and storage pores during wet conditions are 
there fore stronger. T he correlations between soil moisture and storage poros ity shown in table 6.22 
generally reflect the relationshi ps between these two variables described above. 
Ta ble 6 .1.2 . Corre la tio ns between soil moisture and s10 ragc po res fo r each gu ll y ca tchm ent. 
... ~ u rfare hori zo n ... ... 'ub-,u rfare hori7on ... 
Soil Moislurc M arorral Fore>! Bench Terrace M atom I Fo re~t Bench Terra ce 
SamEiin! Date• StoraEe Pore• Storaec Pore~ StoraF Pore• StoraEe Pore' Stora!e Pore > StoraEc Pore> 
M arch 8 1995 0 14 0 14 
May20 199.\ .o 11 tl I ll 
July 12 1995 -0 I~ n 1 o .o 04 .() .14 .()Ob 0.0 I 
Seplembcr 8 199 .\ . (1 14 0 1 ~ 0 .49' .u ~6 0 011 0.1.\ 
September 14 199\ ·11 1.1 !I I 4 11 19 ·11 1 ~ ·U U4 0.11.\ 
October 17 199 .\ -!I I 7 f) I) 11.17 11 119 tl ()4 ()Ill 
October 28 1995 ·0 .08 0.07 0.20 ·0.0 . (1 05 .o 06 
October 30 1995 ·0.09 0.03 0.15 .o 20 ·0 06 0.07 
N o••em ber I 1995 ·0 .05 0.03 0.09 ·0. 14 -0 .06 ·0 .07 
November4 1995 .o 12 0 09 0.10 . Q 11 .o 01 0.02 
January 26 1996 .o .14 0.45 1 O.OJ 0.5 1' 
January 27 1996 . o .23 0 4 5 • 0.54. -0.0 I 0 4 s. O.SJ • 1 
January 28 1996 ·0 IS OS I' 0.4 I' o.ou u 49' 11 49 ' 
· JanuaryJO 1996 ·0. 14 0.46 ' 0.49' 0.05 0.46' 0.55 '. 
February I 1996 ·0 .18 ·0.02 
February 2 1996 .Q.IJ 0.46' 0.4 2. 0.0 I 0.44' 0.55' . 
February 4 1996 ·0.15 0.45' 0.56" 0.06 0.45' 0.60' . 
M arch 28 1996 0.04 0.22 0.4 7. 0.08 0.22 0.42 
M arch 30 1996 0.07 0.24 0.38 I 0.11 0.22 0.30 
Apri l I 1996 -0.01 0.25 0.37. -0.05 0.20 0.28 
• =significan t at p<0 .05 (95%) 
" =s ignificant at p<O.O I (99%) 
Residual Pores 
Residu~ l. po~es a re pores wh i_ch ret_ain water. T he hig~ suctio ns (::;. 15 bar) need~d t.o . rel«ase. W.<tter frOJ.n 
these pores infe rs that they may reta in wate r even during dry conditions (Lando n, 1993; Rowell , 1994). 
Residual pores may therefore be expected to display a positive relationship with soil moisw re, the 
strength of which may persist through time. Table. 6.23 shows that soil moisture on all Sai\lpling 9ates is 
s igni ficant ly posit ively correlated wi th the percentage of residual pores with the exception of the surface 
hurit.o n wi th in the matorral g ull y. The ~trength of the correla tions between soi l mo isture and res idual 
pores is also similar in both dry and wet conditions. The correlations between soil moisture and the 
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percentage residual pores are strong (p<O.O l) implying that the percentage of residual pores may be a 
significant controlling factor in explaining the soi l moisture patterns within the gull y catchments. 
Furthermore within these soils the percentage of residual pores tends to be higher than the percentage of 
transmission or storage pores (Chapter 4) which suggests that residual pores may play a more significant 
role in determining soil moisLUre patterns than either transmission or storage porosit y. 
Table 6 .23. Correlations between soi l moisture and residual pores for each gu ll y catchment. 
~ surface horizon ....-- sub-su rface horizon 
Soil Mois ture M atorral Forest Bench Terrace M atorral Fores t Benc h Terrace 
Sam plin g Dates Residual Residual Residual Residua l Residual Residual 
Pores Pores Pores Pores Pores Pores 
March81995 0.74' . 0.85'. 
May201995 0.4 4. 0.76*' 
July 12 1995 0.51' 0.69 ' . 0.81* . 0.89** 0.84" 0.82*. 
September 8 1995 0.18 0.64 .. 0.68*. 0.70*. 0.68'. 0.27 
September 14 1995 OJS 0.72'* 0.87" 0.86'. 0.82'. 0.5 8'. 
October 27 1995 OJJ 0.68 '. 0.1 s· • 0.62'' 0.78" 0.53 '" 
O c t ob~r 28 1995 OJ9 0.64 '. 0.72' . 0.63" 0.76" 0.6.1'. 
OctobcrJO 1995 0.4 4. 0.69" 0.76" 0.7 5 •• 0.80'. 0.60'" 
November I 199 5 0.4 8• 0 74*' 0.79* ' 0.1 5• • 0.84 '* 0.68" 
November 4 1995 0 45 ' 0.76'. 0.82'. 0.84 ' . 0.85' . 0.74 •• 
January 26 1996 0.22 0 77 '. ll 76". () 70'. 
Janu ary 17 1996 0 llJ () 84 '. 0 7 5' • 0.79 '. 0.86 ' . 0 6~ • • 
January 28 1996 0 2 ~ O.H'' 1).7 i • • tl.7 6 •• 0.79 .. 0.68' . 
Janu ar) .111 19lJ o 112 4 0.8.1'. 0 76" (1.7 5 •• 0.86'. 0.65 " 
February I 19 96 (1.2] 0.77•. 
Febru ary 2 1996 0.26 0.83' . 0.60'. 0.76'. 0.86' ' 0 .53' . 
February 4 1996 0.22 0.85'' 0.7 5' . 0.78" 0.87 " 0.64'. 
M arch 28 1996 0.39 0.80'. 0.79' . 0.67' . 0.88'. 0.66 '. 
M arch 30 1996 0.16 0.80" 0.85' . 0.5 5' 0.90'. 0 .77'* 
A ~ril I 1996 0.30 0.73'. 0.66 '. 0.56' 0.83'. 0 .66'. 
• =s ignificant at p<O 05 (95%) 
• • = .1igo1ficant at p<O.O I (99'l) 
Total Porosity 
Total porosity has a similar relationship with soil moisture to that shown by residual pores (table 6.24). 
T his may be expected within these soils since the residual porosity is the dominant pore s ize. T he 
corre latio ns with to tal porosity hmvever d iffer fro m those with residual poros ity in that the strength of the 
correlatio ns wi th in al l of the gull y catchme nts is significantly greater in wet compared to dry conditions. 
T hi s di fferet1ce Is 1; robably caused by the add it iOtl of storage ~~ores, which also s:howed an incre<;se in t·h·~ 
strength of the correlation with soil moisture during wet conditions. 
203 
Chapter 6- Temporal and Spatial Variability in Soil Moisture at the Mesa and Micro Scales 
Tab le 6.24. Corre lations between soil moistu re and tota l porosi ty fo r each gully catchm ent. 
~surface horizon .-- sub-su rface horizon IJio 
Soil Moistu re M atorral Forest Bench Terrace M atorral Forest Bench Terrace 
Sampling Dates Total Total Total Total Total Total 
Porositr Porosi tx Porosilr Porositr Porositr Porosity 
M arch 8 1995 0.4 7* 0.5 1* 
May20 1995 0.2 3 0.5 3* 
July 12 1995 0.09 0.63*. 0.5 6*. 0.49' 0.58*. 0.63*. 
September 8 1995 0.50* 0.65** 0.4 7' 0.35 0.49* 0.33• 
Sep tember 14 1995 0.32 0.6 1*. 0.61* . 0.49* 0.46* 0.52. 
October 27 1995 0.20 0.62** 0.44' 0.39 0.66* . 0.56** 
October 28 1995 0.19 0.58** 0.3 3 0.42 0.62* . 0.4 7* 
October 30 1995 0.19 0.56*. OJI 0.4 5' 0.62* . 0.56'. 
No vember I 1995 0.09 0.5 7*. 0.39 0.49* 0.5 7*. 0.61*. 
November 4 1995 0.12 0.60** 0.44. 0.49* 0.60*' 0.6 1*. 
January 26 1996 0.41 0.80** 0.64'* 0.88*. 
January 27 1996 0.4 7* 0.73*. 0.8 1** 0.68*' 0.72*' 0.87'* 
January 28 1996 0.4 1 0.7 6'. 0.7 3* . 0.66'. 0.7 4 •• 0.88'* 
January 30 1996 0.39 0.7 3*. 0.79*. 0.62 .. 0.68*. 0.86*. 
February I 1996 0.45* 0.62'. 
February 2 1996 0.3 6 0.7 6*. 0.60*' 0.5 9*. 0. 71*. 0.82*. 
February 4 1996 0.4 1 0.70*. 0.83*' 0.66'* 0.67*. 0.88 •• 
M arch 28 1996 0.42* 0.58*' 0.68*' 0.50* 0.5 5*. 0.66'* 
M arch 30 1996 0.49* 0.68*. 0.1 o• • 0.43. 0.63*. 0.79*' 
Aerilll996 0.5 2* 0.73** 0.63* 1 0.4 7. 0.68" 0.75" 
• =significant at p<O.OS (95 %) 
•• = significant at p<O.O I (99 %) 
6.3.4.5 Summary 
Differences in pore s ize, particularly the percentage of transmission and residual pores appears to bl! a 
significant factor in determining the soil moisture patterns observed within the gully catchments. 
Re latively dry soils may be re lated to areas with a higher percentage of transmissio n pores whereas 
relativ~ l y wet soi ls may be associated wi th areas which have a higher . percentage of resid ual pores. 
Furthermore the importance of transmission pores and in particular residual pores in determining soil 
moisture persists in both dry and wet conditions. The volume of soil moisture retained within storage 
pores may be dependent upon the spatiall y variable uptake of water by plants which consequently shows 
a seasonal trend. Soil moisture is generally therefore only significantly positively correlated with storage 
pores during wet conditions . The particularly strong correlations between soil porosity and so il moisture 
suggest that th is factor is more important in determini ng variations in soil moisture than either topography 
.. or v.egetation. 
6.3.4.6 Soil Moisture and Soil Texture 
The water holding capacity and water content of a soil can be greatly affected by its stoniness and clay 
content (Kadmon et al .. 1989). T herefore in areas where significant di fferences in soil texture occur, then 
it is li kely that they will be a dominant factor in controlling soil moisture variabi lity (Beckett a nd 
Webster, 1971 ; Greminger et al., 1985). Furthermore Vachaud et al. ( 1985) and Munoz-Pardo et al. 
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( 1990) have reported that the temporal persistence of soil moisture spatial patterns were determined by 
the spati al distribution of silt and clay. In the fo llowing sections soil moisture is correlated with the 
percentage clay, silt, sand and gravel content to determine their significance as controlling factors in the 
spatial distribution of soil moisture. 
Clay content 
Table 6.25 shows the correlations between soil moisture and the percentage clay withi n the gully 
catchments. Soi l moistu re is signi ficant ly positively correlated with clay content on all measurement dates 
in the matorral and bench terrace gullies. Although these correlations are significant their values are 
generally low, implying that clay content has only a minor role in explaining the variability in soil 
moisture. In the forest gully the clay content is not signi ti ... ant in determining the distribution of soil 
moisture during wet weather conditions. although significant correlations occur during dry weather 
cond itions. The weaker correlations between soil moisture and clay content within the forest gully may be 
attri buted to the very low mean clay content (2.n7%) found wi th in th is catchment (chapter 4). 
Table 6.25 . Correlations between so il moisture and clay for 
eac h gully catchment. 
Soi l Moisture M atorrat Fo r~s t Bench Terrace 
Sam~ltn~ Dates Clax Clax Clax 
March 8 19.95 .0.)3 . 
May 20 1995 0.49' . 
July 12 1995 0.4 7'. 0.4 7'. 0.57*. 
September 8 1995 oJ 5* 0.26 0.39' 
September 14 1995 0.4 2*. 0.4 2*. 0.51" 
October 27 1995 0,39' 0.40'* 0.49'. 
October 28 1995 0.44'. 0.37' 0.48 •• 
October 30 1995 0.47'. 0.43*. 0.52 • • 
November I 1995 0.46'* 0.4 3'. 0.53 .. 
November'4 1995 0.46'. 0.44*. 0.52'' 
January 26 1996 0.56'. 0.4 1'* 
January 27 1996 0.60'. 0.14 0.43 1 ' 
January 28 1996 0.54" 0.1 J 0.3 7' 
Janua ry 30 1996 0 58 ' . 0.12 0.4 3 •• 
February I 1996 0 54" 
Februar) 2 1996 0.5 7 • • 0.08 0.4 1" 
Fcbruar) ~ 1996 0 59' . 0 12 0.4.1 ' . 
M arch 28 1996 0.4 9' . 0.25 0.3 5. 
·-I M arch 10 1.99.6 · . OH" O.H OJ7'• G'' .... '"" O..l8 0.3 6 ' ignificant at p<0 .05 (95'l) 
significant at,p<O.OI (99%) 
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Silt contem 
Table 6.26 shows the correlations between soil moisture and the percentage silt wi thin the gully 
catchments. In each of the gully catchments soil moisture on all sampling dates is signi ficantly positively 
corre lated with the percentage silt. Vachaud et al. ( 1985), Zhang and Berndtsson ( 1988) and Munoz-
Pardo et al. (1990) have also reported a close re lationship between variations in soil mo isture and silt 
content. Furthermore, the strength of the correlations is significantly higher in the matorral catc hment 
compared to the forest a nd bench terrace catchme nts, and may be a re flection of the higher average s ilt 
content found within this catchment (chapter 4). 
Table 6.26. Correlati ons between so il moisture and sill 
for each gully ca tchm ent. 
Soil M oislure M a10 rra l Fores1 Benc h Terrace 
Samelins Da1es Sill Sill Sill 
March 8 1995 0.49'. 
M ay 20 1995 0.7 4 • • 
July l 2 1995 0.70 ' . 0.66" 0.59'. 
Scpl~mbcr 8 199) 04 .. OJ6' 0.41" 
Scplcm ber 14 1995 0.60'. 0.58'. 0.50 ' I 
Oc10ba 27 1995 0 62'. 0.53'' 11 62 ' I 
Oc!Ohcr281 995 0 64'' 0.54" 0.60' . 
Oc10ber 30 1995 0.70 • . 0.59 .. 0.65'' 
Nove mber I 199) 0.69'. 0.62'. 0.64" 
November 4 1995 0.71 " 0.66*. 0.68" 
January 26 1996 0.86 ' t 0.67' . 
Jan uary 27 1996 0.85'. 0.36 ' 0.68'. 
Jan uary 28 199 6 0.82' . 0.3 8' 0.63 ' . 
January 30 1996 0.88 '. . 0.38' 0.67 '. 
Febru ary I 1996 0.79'. 
Febru ary 2 1996 0.85" 0.30 ' 0.62'. 
February 4 1996 0.87•. 0.39*. 0.68" 
M arch 28 1996 0.81" 0.55 .. 0.64*' 
March 30 199 6 0.7 601 0.58" 0.60 .. 
April I 1996 0.77 ' . 0.56" 0.6 ( H 
• = significanl a1 p<0.05 (95 %) 
" = significan l a1 p<O.OI (99 %) 
Sand conte/1/ 
Table 6.27 shows the corre lations between soi l moisture and the percentage sand within the gull y 
:· ' • 
'·· 
catchments. Soil moisture is negati vely correlated with the percentage sand in both the rnatorra l and forest 
gull y catchments, although these correlations are only significant within the forest catchment. In contrast 
correlations between soil moisture and sand content with in the benc h terrace catchment are posit ive, 
although onl y a few are signi ficant. In gene~al the correlations between soil mo isture and sand content are 
low and not s igni tica nt implyi ng that sand content has only a small influe nce in determ ining the spatial 
patterns of soil moisture . [n chapter 4 sand content was shown to have a positi ve corre lation with storage 
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porosity. The generally weak correlations between sand content a nd soil moisture may therefore be a 
result of the variab le uptake of water from the storage pores by vegetation. 
Table 6.27 . Correla tions be tween so il moisture and sand 
for eac h gull y catchm ent. 
Soil M olsture M atorral Forest Bench Terrace 
Sam2lin& Dates Sand Sand Sand 
March 8 1995 • 0.41 .. 
May20 1995 ·0.26 
July 12 1995 . 0.25 . 0.28 0.17 
September 8 1995 • 0 22 . 0.39 .. 0.2 3 
September 14 199 5 • 0.26 . 0.31' 0.24 
October 27 1995 . 0.13 . 0.33 • 0.06 
October 28 1995 . 0 .25 . 0.33 1 0.11 
October30 1995 . 0 .24 . 0.28 0.1 g 
November I 1995 . 0.22 . 0.28 0.21 
November 4 1995 -0.22 . 0.29 0.21 
Janu ary 26 1996 . 0.07 0.46' • 
January 27 1996 . 0.15 . 0.56*' 0.361 
January 28 1996 . 0.05 . 0.54 1 ' 0.42" 
January 30 1996 . 0.14 - o.5s•• 0.3 2. 
Febru ary I 1996 . 0.08 
February 2 1996 . 0.16 . 0.58 •• 0.31 
Febru ary 4 1996 . 0.17 -0.57" 0.3 3. 
M arch 28 1996 . 0.19 · OJ7 • 0.30 
M arch 30 1996 . 0 21 . (I 16 . 0.19 
A~nll 1996 . 0 18 . (I 14. 0 10 
• = " gn1fi can1 a1 pd l.Oi t95 ':t J 
• ' = \lgnifica nl 31 p<O 01 (99~ ) 
- ---- - - - l 
Gravel COIItell t 
Table 6.28 shows. the corre lations between soil moisture and the percentage grave l content within the 
gully catchmen ts. Soil moisture on all sampling dates within the matorral and bench terrace gullies is 
signifi cantl y negati vely correlated with the percentage gravel content. In the forest gull y significant 
negative corre lations between soil moisture and gravel conte nt predominantly occur during dry 
conditions. brier soils may therefore be associated with sediments, which have a higher proportion of 
gravel content. Rock fragments (particles greater than 2 mm in diameter) can have an ambi valent e ffect on 
soil hydrologica l processes dependi ng on the ir ize, composit ion and locat ion withi n the soil pro fil e 
(P.oesen .and La_vee, . 1 9~4; Po.es~n et .al .. . 1994; Brakensie k. and .Rawls •. 1. 994.~ lngelmo et al .. 199.4) . 
Several authors have there fore reported a reduction in infiltration and a subsequent increase in surface 
runoff as a consequence of the presence of rock fragments (Brake nsiek and Rawls, 1994: lngelmo et al., 
1994 : Moustakas et al., 1995). Furthermore lngelmo et. al. ( 1994) have ~eported that an increase in the 
rock fragme nt conte nt o f Rana sed iment s results in a decrease in the so ils gravitational and ava ilable 
wate r. Soi l mo i~t ure may therefore be expected to :>how a negative correlation wi th grave l content. Wi thin 
the matorral and bench terrace gullies the gravel content of sediments plays a major role in determining 
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lhe spatial pattern of soil moisture which is more evident during wet conditions when the relationship is 
stronger (table 6.28). Within the forest gully catchment the effect of gravel content on soil moisture 
palterns is largely restricted to dry conditions, which may reflect the ambi valent e ffect of gravel content 
on soil moisture referred to earlier. 
Table 6.28 . Cor re la tio ns be tween so il moistu re and gravel 
for eac h gully catc hm ent. 
Soil Moisture M atorral Fores t Bench Terrace 
SamEiin~ Dates Gravels Gravels Gravels 
M arch 8 1995 -0.20 
May201995 -0.60'. 
Jul y 12 1995 -0 .57•. -0.42•. -0.5 4 .. 
Scptcm ber 8 1995 -0.36' -0.11 -0.42 .. 
September 14 t995 -0.46*. -0.33 ' -0 .50" 
October 27 1995 -0.5 3 •• -0.3 11 -0.52 •• 
October 28 1995 -0.50" -0.29 -0.5 1" 
October 30 1995 -0.56" -0.35 ' -0.58" 
ovc m bcr I 1995 -0.57' . -0 3 8. -0.59 '. 
N ovc m ber 4 1995 -0.58'' -0 .41'* -0.6 1'* 
Janu ary 26 1996 -0.7 s· • -0.69" 
January27 1996 -0.75" -0.02 -0.67'. 
Janu ary28 1996 
-0 .7 5' • -0.07 -0.64 •• 
Januarl _10 i99n -11.78" -(1.04 -0.65" 
hhru ary I 1996 . (1 71 .. 
~chruary ~ 1996 -O.H'' 0 .04 .() 61'. 
hhruary 4 19% .() 76 '. -O .OJ -0 65 •• 
\1 art' h ~S I '196 . () 69'. .() 27 .() 61' • 
M .uch .HI I <J% -0 .62 •• -tiJo • -0 .5 4" 
I A~rill 1996 -0.67'* -0.30• -0.59•• j • =sig nificant at p<0.05 (95%) " = significant at p<O.O I (99%) 
- --- ----
6.3.4.7 Summary 
Considerable differences in soil moisture over relatively short distances, caused by changes in soil texture 
have been reported by Price and Bauer ( 1984 ), Nash et al. ( 1989) and Dekker and Ritsema: ( 1996). Within 
the gully catchments soil texture appears to be a major factor in determining the spatial distr.ibution of soil 
moisture . Areas of relati vely high soil moisture may therefore be related to soils dominated by clay and 
silt sized part icles, whereas drier areas may be generall y associated to soi ls dominated by sand and gravel 
sized fractions. The significance of soil texture in determining soil moisture patterns within gull y 
catchments ami the importance of gullying and gully morphology in exposi ng these sedi ment horizon~ i>. 
illustrated in figures 6. 14 and 6. 15. The increased variability in soil moisture down-gully in both dry and 
parlicularly wet conditions shown in figures 6. 14 and 6. 15 for the forest and matorral gull ies may be 
. . 
attributed to changes in soil tex ture. -In the forest gully catchment soil moisture is relatively uniform along 
it!-. WLtll.:r"ht!d Unt il the head or lht! gull y where a distinct increase in the va riabi lity or soiJmnisturt! UCC UI' '>. 
The similar soil moisture values along lhe watershed are due to a relati vely uniform soi l texture within 
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this part of the catchment. The similar texture along the watershed may be attributed to the near 
horizontal inter-bedding of the sediments within this region and the gentle slope of the watershed which 
consequently exposes only one or two of these sediment horizons along its length. The variability in soil 
texture is therefore low. Deep gully incision however exposes several of these sediment horizons which 
may have very different textures and structure. The increased variability in soil texture caused by gully 
incision is therefore responsible for the increased variability in soil moisture within the gully. In the 
matorral gully the variability in soil moisture increases as the gully's morphology changes from a bulbous 
10 a 'V' shaped topography. The upper bulbous shaped part of the gully is shallow and therefore only one 
or two sediment horizons are exposed. The variability in soil texture within this part of the gully is 
therefore small. The lower 'V' shaped part of the gully is however deep and coincides with the steepest 
part of the hillslope. Several sediment horizons are therefore exposed resulting in a greater variability in 
soil texture and hence a greater variation in soil moisture. Within this region therefore, gully incision 
exposing several sediment horizons will naturally increase the spatial variability in soil moisture. The 
pattern of soil moisture may be further complicated within the gullies as erosion and deposition increases 
the textural variation. 
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Figure 6.14 . Soil moisture distribution within the forest gu lly catchment. 
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Figure 6.15. Soi l moistu re dis tribu ti on within the matorral gully ca tchm ent. 
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6.4 The Significance of Soil Porosity 
In the previous sections the correlation analys is have pointed to soil porosity as being a significant factor 
in determining the spatial distribution .of soil moisture within the gully catchments. In chapte~ 4 the pore 
size distribu tion of the soi ls within the gully catchments was shown to be strongly related to soil tex ture. 
These fi ndings ind icate that finer textured soils may be expected to have a higher res iuual porosity in 
comparison to coarse textured soi ls, which have a greater storage and transmiss ion porosity. Soi l texture 
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and soil porosity are therefore interrelated and jointly they may account for a greater percentage of the 
variation in soil moisture than either of them do singularly. The moisture content of the soils therefore 
directly reflects the soil porosity and size distribution of the pores, which are dependent upon several 
variables, the principal of which is soil texture. Furthermore the movement and retention of water within 
these pores is governed by several more variables including vegetation and the infiltration process. 
In several of the variables studied the strength of the correlation with soil moisture ts not persistent 
through time but changes depending upon whether conditions are dry or wet. This lack of temporal 
persistence in the strength of correlations is exhibited by all of the variables in a at least one of the gully 
catchments. In all cases the correlations are always strongest during dry conditions with the exception of 
storage pores, total porosity and gravel content where the correlations are stronger during wet conditions. 
During wet conditions those variables which have the effect of reducing soil moisture will have only a 
minimal influence on the overall moisture content since the soil may be considerably wet an<.l is 
frequently recharged. Those variables which increase or retain water will also have a minimal influence 
on soil moisture during wet conditions since the soils may be near or at saturation and are therefore near 
to their maximum limit of soil moisture. Many of the variables are therefore only significant controlling 
factors in determining soil moisture patterns during dry conditions, eg. vegetation. During wet conditions 
many of the variables have only a minimal effect if"any influen"ce on soi.l moisture patterns. During wet 
conditions therefore several points within the gullies may have similar moisture contents regardless of 
differences between ihem i~ vegetation characteristics, soil properties and topographic ·characteristics. 
6.5 Conclusions 
Within all three gully catchments soil moisture is highly variable both temporally and spatially. Over 
distances as short as I m, points may <.litTer in soil moisture by as much as 26%. The soil moisture content 
. . . . ~ - . . . . . . . . . . 
at individual points within the gully catchments may also be highly variable through time. The soil 
moisture at some points can vary over a range as great as 30%, whilst other points may only "vary by 15% 
soil moisture over the same period of time. The high spatial variability in soil moisture produces a mosaic 
pattern, consisting of relatively wet and dry areas. Within this mosaic pattern the relatively wet areas may 
be found immediately adjacent to relatively dry areas resulting in an often fragmented pattern. During dry 
conditions the wet and dry areas within the forest and bench terrace gullies are spatially isolated as 
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indicated by the short range of spatial correlation in soil moisture during this period. The soil moisture 
pattern is therefore discontinuous. On some sampling dates during dry conditions, soil moisture may also 
be spatially discontinuous within the matorral gully. At other times however, dry areas may be spatially 
continuous within the matorral gully during this period as reflected by the range of spatial correlation in 
soil moisture which can be as high as 56m. During wet conditions the soil moisture pattern within each 
gully becomes more continuous as extensive wet areas develop. In the matorral gully this is reflected by 
an increase in the range of spatial correlation of soil moisture within the upper half of the catchment. In 
the lower half of this catchment however, the soil moisture pattern remains fragmented although 
relatively large wet areas may still occur. Within the forest gully in particular the spatial continuity in soil 
moisture is much greater in wet conditions compared to dry conditions as indicated by a doubling in the 
range of spatial correlation in soil moisture during this period. In the bench terrace gully, although the 
range of spatial correlation in soil moisture in wet conditions is similar to dry conditions, the wet areas 
within this gully are extensive during this period and more continuous than in dry conditions. Within each 
gully catchment therefore, the spatial continuity of soil moisture displays a temporal dependency. During 
dry conditions the mosaic soil moisture pattern is fragmented and spatially discontinuous. Greater spatial 
continuity and less fragmentation in soil moisture patterns occurs during wet conditions as extensive wet 
areas develop. Changes in the degree of variation in soil moisture patterns through time has implications 
for sampling methodologies. Greater variability in soil moisture during dry conditions teqtiires a denser 
network of sampling in order to accurately portrayal the spatial pattern. In contrast, during wet conditions 
fewer saniples are required since soil moisture vafues will.be similar over larger areas (Reynolds, 1970). 
Although the minigrids are a Sx magnification of the soil moisture patterns observed at the mesoscale, the 
complexity and characteristics of the spatial patterns at this microscale are similar to those observed at the 
gully catchment scale. Based upon the three scales of measurement used in this study (25m, Sm, I m) the 
temporal and spatial variability of soil moisture within this region may therefore be considered as scale-
invariant, ie. the magnitude of variability in soil moisture persists at all measurement scales. Similarly at 
each measurement scale the spatial pattern of soil moisture is temporally persistent, although a notable 
difference occurs in the spatial pattern from dry to wet conditions which may be attributed to the 
expansion of wet areas, resulting in a less fragmented pattern during wet conditions. Furthermore, the 
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temporal persistence of soil moisture patterns at each scale implies that the factor(s) determining these 
patterns are not only stationary through time but may also be the same for each scale. 
Pore size characteristics are the most important factor in determining the temporal and spatial patterns of 
soil moisture at the meso and micro scales. Unfortunately no information is available on pore size 
characteristics for the macroscale. In addition, pore size characteristics are strongly related to soil texture 
and these two properties combined may account for a significant proportion of the variability in soil 
moisture. Areas of drier soil may therefore be related to sediments with a high transmission porosity or 
coarse particles, whereas areas of relatively wet soil can be related to sediments dominated by residual 
pores and fine particles. Topographic and vegetation characteristics arc only of secondary importance in 
determining soil moisture patterns. Generally the effects of vegetation on soil moisture patterns are more 
evident during dry weather conditions when medium to low soil moisture prevails and cvapotranspiration 
losses arc highest. Elevation, slope angle and upslopc contributing area are only of minor importance in 
determining soil moisture patterns within the gully catchments. In several locations. significantly wetter 
areas may be found on steeper slopes and upslope of drier areas. The expansion of wet areas during wet 
conditions is primarily caused by the frequent and excessive amount of rainfall during this period and not 
by sub-surface drainage or surface run-on. Topographic parameters may therefore be poor indicators of 
the temporal and spatial patterns of soil moisture ·and consequently may prove to be unreliable for 
predicting the hydrological response from catchments within this region. 
Although the strength of correlation between soil moisture and some properties .shows temporal 
instability, changing between dry and wet periods, the most significant factors determining soil moisture 
patterns show a time-invariant relationship in their strength of correlation with soil moisture. These 
factors therefore remain as the most significant factors in determining soil moisture patterns in both dry 
and wet conditions. 
Several of the properties examined display a positive relationship with soil moisture m one gully 
catchment, but a· negative relationship in another catchment eg. K,.,. These properties arc therefore not 
universal in their relationship with soil moisture across the study region. Instead they display a site-
specific relationship with soil moisture. This has important implications for sampling strategies within 
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this region and for within other heterogeneous environments. Within these areas, sampling at only one or 
a few sites severely restricts the extent to which results can be extrapolated beyond the sampled area, 
since relationships may be site specific and hence could be quite different or even opposite in adjacent 
areas, as reported here. 
Gully incision, exposmg several sediment horizons with different textures as in the forest gully 
catchment, may be responsible for increasing the spatial variability in soil moisture. Furthermore, gully 
morphology may also play an imponant role in determining the degree of spatial variability in soil 
moisture. The matorral gully has shown that a shallow bulbous shaped morphology, where just one or two 
sedimentary horizons are exposed, can have a lower spatial variability in soil moisture than a deep 'V' 
shaped morphology, where several sedimentary horizons are exposed. Within this region therefore, 
gullying may naturally increase the spatial variability in soil moisture. McBratney ( 1992) has similarly 
argued that certain natural although degradative processes, such as gullying, may increase heterogeneity. 
Having described the temporal and spatial patterns of soil moisture and their principal causal factors, the 
implications of these observed spatial patterns for the hydrology, erosion and management of gullied 
areas are discussed in the following chapter, together with the possibility of manipulating soil variation to 
create a self regulating system for runoff and erosion control. 
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Chapter 7 
Soil Moisture Variability and Hydrological Continuity: Implications for Runoff and 
Erosion, Hydrological Monitoring and Management 
7.0 Introduction 
In semi-arid areas, the combination of a non-uniform distribution of vegetation (Frnncis and Thornes, 
1995), an often highly irregular terrain (Bryan and Yair, 1982; Campbell, 1989) and complex geological, 
pedological and management histories have frequently given rise to considerable spatial variability in the 
physical and hydrological properties of soils (Berndtsson and Larson, 1987). Heterogeneity within the 
soils physical and hydrological properties can result in pronounced differences in infiltration and soil 
moisture as reported in Chapter 6 and by Blackburn, (197:i); Lavce and Yair, (1990); Wood et al. (1990); 
Bryan, (1994 ); Grayson et al. ( 1997); and Ternan et al. ( 1997). The hydrological response of semi-arid 
landscapes tu rainfall events may therefore be spatially non-uniform (Bryan and Yair. 19R2: Yair and 
Lavee, 1985: Johnson and Gordon, 1988: Cerda. I<J95: Bcrgkamp et al .. I<JlJ6). An understanding of lire 
spatial distribution of source areas is critical in determining 1hc cxtent of overland llow and ils 
effectiveness as an eroding agent (M organ, 1995; Nicolau et al., 1996). 
Soil moisture in particular is a key factor 111 determining thc surface runoff response to a given 
precipitation event. According to Phillips (1992), runoff and soil moisture arc two mutually 
interdependent· variables and without information· on soil moisture ·variability, prediction. ·and 
interpretation in catchment hydrology is problematic. In northeast Spain, Llorens and Gallart ( 1992), have 
reported that in a Mediterranean mountainous catchment, the hydrological response is 
·:titlly controlled l>y antecetlentmoistun' conditions'". 
Tcrnan et al .. ( 1997) have also reported that prevailing soil moisture.cunditions arc of considerable . 
importance in runoff generation in the study region of this current research. In Australia, Barling et al. 
( 1994) have argued that rneaningful hydrological predictions are dependent upon our 
"ability to characterise tire spatial variability of soil water content'". 
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Similarly, Grayson et al. ( 1997) also working in Australia, have argued that 
"near smface soil moisture is a major control on hydrological processes at both the storm evellf scale 
and in tile long term". 
Characterising spatial patterns of soil moisture and hence the spatial arrangement or connectivity of 
source areas is necessary therefore not only for understanding, but also for predicting catchment runoff 
(Merz and Plate, 1997; Grayson et al., 1997). 
Bergkamp ( 1995) has reported that spatial patterns may change at different time scales. This in particular 
may apply to spatial patterns of soil moisture which may oscillate between two or three states especially 
in strongly seasonal climates ie. from dry to wet (Grayson et al., 1997). A question considered to be 
important for hydrology by Grayson et al. ( 1997) is how the temporal variation in soil moisture affects 
the spatial patterns of soil moisture. In the previous chapter temporal variations in the spatial patterns of 
soil moisture were reported and described. Following this a logical progression of thought renders a 
further and perhaps more important question 'what are the implications, if any, of the spatial pattern in 
soil moisture and their changes through time for the hydrology, erosion and management of catchments?'. 
The aim of this chapter is to address this question. 
This chapter is divided into three sections. The first section reports and describes the occurrence of 
· · inosaic patterns of hydrological response and the significance of hydrological continuity and thresholds in 
determining catchment runoff. The second section uses the soil moisture patterns for the three gully 
catchments described in Chapter 6, to illustrate and verify the importance of hydrological continuity and 
thresholds in determining the extent of catchment runoff and erosion. The final section of this chapter 
reports on the significance that the conclusions from the previous two sections may have for the 
hydrological monitoring and management of gullied catchments. 
7.1 Mosaic Patterns of Hydrological Response 
In 1965, Amerman, working in a catchment in Ohio, reported the occurrence of surface runoff from areas 
within the catchment which were located upslope of the stream channel. In many instances the runoff 
from these source areas was reabsorbed in adjacent areas downslope (Amerman, 1965). The occurrence 
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of runoff within the catchment was therefore spatially non-uniform and could be characterised by a 
patchwork of contributing areas and areas capable of reabsorbing runoff. In the semi-arid rangelands of 
Nevada, Blackburn (1975) also reported the occurrence of spatially non-uniform runoff which was 
generated from degraded dune inter-space areas with infiltration into vegetated soils. Johnson and Gordon 
(I 988) also working in sagebrush rangelands have reported a patchwork of zones of runoff and zones of 
infiltration, the distribution of which is related to the spatial paltern of vegetation cover. Inter-shrub areas 
were recorded as generating 2.5 times more runoff and 8 times more soil loss than shrub canopy zones. 
The greater runoff and erosion from the inter-shrub areas was attributed to the degraded nature of the soil 
which was characterised by a low organic malter content and a high bulk density. A patchwork of source 
areas and sinks related to the spatial paltern of vegetation cover has also been reported by Morin and 
Kosovsky ( 1995) who used surface applied dye to trace the flowpaths of surface runoff. In nearly all 
instances the runoff generated from degraded inter-shrub areas was reabsorbed by sinks of dense 
vegetation. In southern Spain, Cerda ( 1995), Nicolau er al. ( 1996) and Bcrgkamp er al. ( 1996) have all 
reported zones of surface runoff and zones capable of reabsorbing this runoff. the spatial pattern nf which 
has been related to vegetation cover. In central Spain, Ternan er al. (1'!97), reported minimal overland 
flow and soil losses from dense undisturbed matorral, but in areas where disturbance to the vegetation 
cover occurred the soils were susceptible to high runoff and erosion losses. In bench terraced areas runoff 
was highly variable, being greatest on unvegetated plots and least on vegetated plots (Ternan et al., 1997). 
The occurrence of spatially non-uniform runoff characterised by a patchwork of source areas and sinks 
for overland flow, has been reported by Lavee and Yair (1990) and Yair (1992) although in these cases 
the spatial panern of runoff was allributed to differences in lithology. Hodges and Bryan ( 1982) have also 
reported that the moisture regime of a lithologic unit is the critical factor determining runoff response to 
rainfall. Spatial palterns of runoff and sinks for overland flow have been recorded due to the effects of 
water repellency (lmesnn er al., 1992), differences in surface roughness caused by the passage of lire 
(Lavee el al., 1995), the spatial occurrence of soil crusting (Bromley er al., 1997) and differences between 
areas in a catchment in regards to their hydrological properties and soil moisture content (Freeze, 1980; 
Wood er al., 1990; Ll~rens and Gallart, 1992; Gas~uel-Odoux el al., 1996; Merz and Plate, 1997; 
Grayson et al .. 1997). Spatially non-uniform runoiT may therefore be allributcd to a number or factors. 
most of which are inter-related. Where the occurrence of these factors is heterogeneous a spatial 
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arrangement of source and sink areas may be found, which may be best described as a mosaic pattern of 
areas of contrasting hydrological response (Morin and Kosovsky, 1995; Lavee et al., 1995; Nicolau et al., 
1996; Bergkamp et al., 1996). 
The areas of contrasting hydrological response which form a mosaic pattern may be delimited into units 
based on their differing hydrological response and spatial limits. These units can be termed hydrological 
response units or unit source areas (Amerman, 1965: Flugel, 1995). The spatial limits of hydrological 
response units may however be spatially dynamic (Morin and Kosovsky, 1995) and therefore the degree 
of fragmentation found within the mosaic pattern may vary for different time periods. lt is the spatial 
arrangement of hydrological response units within the mosaic pattern and the degree of fragmentation 
within the mosaic pattern which plays a key role in determining the continuity of hydrological pathways 
and therefore the extent and severity of runoff and erosion (Amerman, I 965: Cerda, 1995; M or in and 
Kosovsky, 1995: Nicolau et al., 1996, Bergkamp et al., 1996; Merz and Plate, 1997, Grayson et al .. 
1997). 
7.1.1 Hydrological Continuity 
Kirk by et al. ( 1996) have argued that in runoff and erosion studies an important consideration must be to 
determine how different parts of the slope or landscape are physically connected. In the mosaic patterns 
the spatial sequence of hydrological response units has been found to be a critical factor in determining 
the spatial extent of surface runoff (Morin and Kosovsky, 1995; Cerda, 1995; Lavee et al., 1995; Nicolau 
et al., I 996). Morin and Kosovsky ( 1995) have reported that greater discontinuity in hydrological 
pathways resulted in lower runoff. The continuity or discontinuity of hydrological pathways at the plot, 
hillslope or catchment scale is dependent upon the degree of fragmentation in the mosaic pattern 
encountered at each of these scales. The more fragmented the mosaic pattern the greater the heterogeneity 
. . . .. . : . . .. 
in hydrological response due to the larger number of hydrological response units (Nicolau et al., 1996). 
Under these conditions the spatial continuity of hydrological pathways will be very short and hence 
discontinuous. Where mosaic patterns of areas of contrasting hydrological response have been reported, 
the spatial extent of runoff and erosion is considered minimal. Lavee et al. ( 1995) have reported that 
overland tlow generated by some source areas infiltrates after a short distance when a sink is encountered. 
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"Tire probability of overland flow reaching the stream channel is, therefore, very small" ( Lavee et al., 
1995). 
In the fragmented mosaic pattern of hydrological response units described by Bergkamp et al. ( 1996), 
"spatial discontinuity in hydrological pathways prevented the developmellt of runoff over distances 
larger than one metre". 
Similar findings have been reported by Yair (1992), lmeson et al. (1992), Llorens and Gallart (1992), 
Cerda ( 1995), Morin and Kosovsky ( 1995) and Nicolau et al. (1996). In each of these studies, runoff and 
erosion were found to be highly localised with minimal runoff and sediment reaching the channel, 
indicating that the runoff producing areas were spatially isolated and unconnected. In each case the 
mosaic pattern can be presumed to be highly fragmented. In plots, hillslopes or catchments where source 
areas are unconnected and hydrological pathways are discontinuous, resulting in minimal runoff and 
erosion, the area of study may be considered as spatially isolated (Sharma et al., 1987). In spatially 
isolated areas. fragmentation in the mosaic pattern and the spatial arrangement of hydrological response 
units restricts the connectivity between runoff producing areas. Only those source areas located adjacent 
to the channel or catchment outlet will contribute to catchment outflow. Surface runoff from source areas 
which are spatially isolated and ups lope of the channel will be reabsorbed by the surrounding non-source 
areas which act as sinks for overland !low and transported sediment, and the runoff will not contribute to 
catchment outflow (Amerman, 1965). For this reason Morin and Kosovsky (1995) have reported that 
"although runoff was generated sporadically over the entire slope, the plot outlet received runoff from 
rhe downs/ope section only". 
Even though the source areas may consistently generate runoff during every precipitation event, it is the 
spatial arrangement of sink areas which determines the amount of runoff recorded at the study outlet. 
A decrease in the fragmentation of mosaic patterns may occur due to an increase in the number of one 
particular hydrological response unit or similarly through the expansion in area of a hydrological response 
unit. For example, further degradation may lead to an increase in the number or spatial extent of source 
areas and consequently fewer sink areas (Scyfricd and Wilcox, 1995). As discussed earlier the spatial 
limits of hydrological response units may not be static, but may increase (decreasing fragmentation) or 
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decrease (increasing fragmentation) through time. An increase in the number or spatial extent of a 
hydrological response unit will result in an increase in the spatial length of hydrological pathways. Where 
source areas are connected and hydrological pathways continuous, resulting in the potential for 
widespread catchment runoff and erosion, the study area may be considered as spatially interactive 
(Sharma et al., 1987). Blackbum ( 1975) reported that an increase in the size of source areas resulted in an 
increase in sediment production. Nicolau et al. (1996) reported that the amount of runoff can be modified 
by the spatial distribution of bushes. If the bushes are linearly arranged along the slope then hydrological 
pathways are more continuous and runoff is greater than if the bushes follow a zig-zag pattern (Nicolau et 
al., 1996). Lavee et al. (1995) have also reported that greater overland flow and sediment yields can be 
expected if there is a greater number of contributing areas. Merz and Plate (1997) and Grayson et al. 
(1997) have both measured spatial soil moisture patterns through time and have concluded that during 
wet periods hydrological pathways are more continuous since soil moisture is similar over large areas 
compared to dry conditions when the spatial pattern of soil moisture is more random. Consequently 
during wet conditions much higher runoff occurs (Mer1. and Plate, 1997; Grayson et al., 1997). 
Within this section the spatial extent and hence the severity of runoff and erosion has been shown to be 
dependent upon the spatial sequence of hydrological response units. A spatial sequence which promotes 
continuous hydrological pathways may result in widespread runoff and erosion. Alternatively a spatial 
sequence which promotes discontinuous hydrological pathways may result in minimal runoff and erosion. 
The spatial sequence of hydrological response units has also been shown to be potentially dynamic, 
changing through time. This review has however, ignored the existence 'of thresholds, above which 
widespread runoff can be expected to occur from all hydrological response units within the mosaic 
pattern, regardless of their spatial sequence. Identifying and understanding the implications of thresholds 
for runoff and erosion may therefore he as equally important as identifying the spatial sequence of 
hydrological response units. 
7.1.2 Thresholds 
Each hydrological response unit can be given a threshold value based on the conditions necessary for 
runoff In occur from that unit. When conditions arc above this threshold value then runoff may be 
expected to occur from the unit. It is differences in these threshold values between hydrological response 
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units which creates a mosaic pattern of areas with contrasting hydrological response. A range of threshold 
values may therefore be found within a mosaic pattern (Dun ne er al., 1991 ). Some hydrological response 
units will have a low threshold value (source areas) whereas others will have a high threshold value (sink 
areas). It is the spatial variability and the spatial sequence of these areas which can result in minimal 
runoff and erosion. Merz and Plate (I 997) however, ask the question 
"is there a threshold where the effecTs of spatia/variability are decreasing to a negligible size". 
Above a critical threshold value therefore, widespread runoff and erosion may occur regardless of the 
spatial sequence of hydrological response units. 
Poesen et al. (1996) have reported that thresholds in rainfall exist and can be identified above which 
widespread runoff and erosion are initiated. Dun ne er al. ( 1991) and M or in and Kosovsky ( 1995) have 
reported that at a given rainfall intensity only those areas with an intiltration rate lower than this rainfall 
intensity will generate runoff. As the intensity increases however, it exceeds the inliltration rate of an 
increasing proportion of the surface which subsequently generates runoff (Dun ne et al., 1991 ). When the 
rainfall intensity exceeds the hydrological response unit with the highest infiltration rate threshold, runoff 
will be generated over the entire study area (Morin and Kosovsky, 1995). At a critical threshold therefore, 
when the majority of the thresholds of the hydrological response units area exceeded, large areas will be 
contributing to surface runoff regardiess of the spatial distribution in soil hydraulic properties. Major 
runoff and erosion events may therefore be related only to severe storms where rainfall intensity exceeds 
the infiltration threshold of the majority of the hydrological response units (Liorens and Gallart, 1997). 
Thresholds which are related to rainfall intensity infer a runoff generating mechanism which is primarily 
Hortonian overland llow in nature. In many cases however, exceeding critical thresholds may be related 
more to the antecedent conditions prior to storm events and therefore to a runoff generating mechanism 
which is primarily related to saturation overland llow. 
Latron and Gall art ( 1995) have reported that only a small runoff coefficient was recorded from an intense 
rainfall event during a dry period. In contrast higher runoff cocflicients were recorded from runoff events 
that occurred after a week of continuous rainfall. In southern Spain, Cerda (1997) has reported that 
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infiltration rates are 27% lower in the wet season as compared to the summer. Consequently runoff is 
much higher during the wet season. Similarly, Blackburn (1975) has also reported a negative relationship 
between infiltration and antecedent moisture content, with the result that more runoff and sediment losses 
were recorded from soils which had a higher antecedent moisture content. Bryan ( 1994) has also reported 
consistently higher runoff coefficients during wet compared to dry conditions. Merz and Plate ( 1997) and 
Grayson et al. ( 1997) have reported that runoff is higher during wet periods when soil moisture is higher 
and similar over larger areas than during dry periods. In central Spain, Ternan et al. (1997) have reported 
that 
"there is evidence to suggest rhar soil moisture thresholds exist above which runoff volumes and 
coefficiems increase significantly". 
Exceeding critical threshold values, resulting in the onset of widespread runoff and erosion regardless of 
the spatial sequence of hydrological response units can be related to both rainfall intensity where 
Hortonian infiltration excess overland flow occurs and the frequency of rainfall events which determines 
antecedent conditions and hence saturation overland tlow (Ireland et al., 1939). In many environments, 
heterogeneity in soil hydraulic properties results in a combination of the two runoff generating 
mechanisms occurring during precipitation events (Freel.e, 1980; Bryan and Yair, 1982; Lavee and Yair, 
1990; M-Mena er al., 1998). 
7.1.3 Summary 
At different spatial scales of study, areas of contrasting hydrological response may be found forming a 
mosaic pattern of hydrological response units. Depending upon the spatial sequence of these hydrological 
response units, the area of study may be either spatially isolated or spatially interactive. In spatially 
isolated catchments for example, source areas are unconnected and hydrological pathways are 
discontinuous, resulting in minimal catchment runoff and erosion. In spatially interactive catchments, 
source areas arc connected and hydrological pathways continuous, resulting in the potential for 
widespread runoff and erosion. In addition the extent of hydrological connectivity within the catchment 
may be at any point along a continuum between the extremes of isolated and interactive, depending upon 
the magnitude-frequency relationships of the rainfall events and the critical threshold values above which 
widespread connection may occur. These relationships between mosaic patterns, the spatial sequence of 
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hydrological response units, critical thresholds and the occurrence of widespread runoff and erosion are 
illustrated as a conceptual model in figure 7 .I. Two key points may be concluded from this figure. Firstly, 
when conditions are above the critical threshold value, widespread runoff and erosion will occur 
regardless of the degree of soil variation. Secondly, when conditions are below the critical threshold 
value, the spatial extent of runoff and erosion is dependent upon the spatial sequence of hydrological 
response units. 
In the second part of this chapter the continuity of hydrological pathways will be determined for the three 
gully catchments in this study, using the soil moisture data described in Chapter 6 and the principals of 
critical thresholds and the spatial sequence of hydrological response units outlined above. 
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Figure 7 . I: Conceptual model of the relationships between soil variation, the spatial arrangement of 
hydrological response units, critical thresholds and the occurrence of widespread runoff and erosion. 
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7.2 Hydrological Continuity and the Severity of Erosion within the Gully 
Catchments 
In Chapter 6 the soil moisture data recorded within each of the three gully catchments was divided into 
measurements recorded during a dry period and those recorded during a wet period. Grayson et al. ( 1997) 
have also classified their soil moisture data into measurements recorded during dry and wet periods. 
During dry conditions the soil moisture pattern within each of the three gully catchments was 
characterised by a mosaic of relatively wet and dry areas. In this region, Ternan et al. ( 1997) have 
reported that soil moisture tends to be generally higher in degraded areas. Furthermore, Wood et al. 
(1990) have reported that areas of higher soil moisture have a greater likelihood of generating runoff. 
Blackburn (1975) has argued that areas of higher soil moisture may produce runoff more rapidly than 
adjacent drier areas because a greater number of pores are filled reducing the available water storage 
capacity. Sardo et al. (1994), Bryan (1994), Cerda (1997), Merz and Plate (1997) and Grayson et al. 
( 1997) have all reported a greater volume and a rapid occurrence of runoff from areas higher in soil 
moisture. Furthermore, Henninger et al. (1976) have reported that areas of high soil moisture were 
correlated with source areas of surface runoff. The relatively wet areas in the mosaic patterns of soil 
moisture described in chapter 6 may therefore be considered as potential source areas of surface runoff. In 
contrast the relatively dry areas may be considered as sinks capable of reabsorbing the runoff from the 
wet areas. A mosaic pattern of contrasting hydrological response units therefore exists within each of the 
gully catchments. 
7.2.1 Dry Conditions 
During dry conditions a rainfall event with an intensity lower than the infiltration threshold of the dry 
areas is likely to generate runoff only from areas of relatively high soil moisture. During these conditions 
runoff was not observed in the catchments channels and no flow was seen at the catchments outlet. 
During tl;e~e ~onditions therefore, hydrological pathways ·are discontinuous and the run.off g~neratcd by 
the source areas is reabsorbed by sinks preventing flow within the catchment channel. Evidence for 
discontinuity in hydrological pathways during dry conditions may be observed within the contour plots of 
soil moisture recorded during this period (section 6.1.2, chapter 6, page 151). Wet areas within these 
contour plots arc relatively few in number and are surrounded by areas of drier soil. Furthermore, the 
relatively short range of spatial correlation in soil moisture during this period indicates small and spatially 
isolated areas of similar soil moisture. Where the range in spatial correlation of soil moisture is high 
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during this period ie. on some measurement dates within the matorral gully, the range refers to the large 
and relatively continuous dry areas which may be found within this gully. The mosaic pattern of soil 
moisture is therefore generally highly fragmented during this dry period and characterised by small and 
unconnected source areas. The three gully catchments may therefore be considered as spatially isolated. 
Grayson er al. (1997) have described a soil moisture pattern with similar characteristics during dry 
periods for a catchment in Australia. During dry conditions within the three gully catchments, runoff is 
highly localised and restricted to the source areas. Only on rare occasions were widespread runoff and 
erosion observed during this period. These rare occasions were related to high intensity rainfall events 
when the majority of the hydrological response units infiltration thresholds are presumed to have been 
exceeded. Merz and Plate (1997) have also reported that a high intensity rainfall event produced 
widespread runoff regardless of the initial soil moisture content. During dry conditions therefore, the 
critical threshold value above which widespread runoff and erosion may be expected to occur from each 
of the gully catchments is dependent upon the intensity of rainfall. Below this threshold the spatial 
sequence of the hydrological response units is such that runoff is minimal. Within the study area the dry 
periods of soil moisture coincide with the summer months when the likelihood of convective rainfall is 
highest. Convective storms are usually characterised by a short duration but high intensity rainfall. The 
number of occasions therefore when the majority of the hydrological response units infiltration thresholds 
are exceeded, resulting in widespread runoff, may be presumed to occur frequently during this period 
(Yair and Lavee, 1985). Field observations however do not support this and only 7 storms with an 
intensity greater than 10 mm hr"1 were recorded during this period. Furthermore in southern Spain, 
Castillo et al. ( 1997) have reported that contrary to popular opinion 70% of the rainfall events in semi-
arid and arid regions have an intensity of less than 10 mm hr" 1, indicating that much of the rainfall is of 
low intensity. Bryan ( 1994) has further argued that in the longer term significant erosion is primarily 
caused by moderate storms. 
7.2.2 Wet Conditions 
In the first section of this chapter it was suggested that the spatial limits of the hydrological response units 
may be dynamic responding to changes in hydrological conditions. During wet periods the spatial mosaic 
patterns of soil moisture within each of the three gully catchments becomes less fragmented as extensive 
wet areas develop covering large parts of the catchments (section 6.1.2, chapter 6, page 151 ). Grayson er 
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al. (1997) have also reported a less fragmented pattern of soil moisture developing during wet periods. 
During these conditions the number and size of the wet areas has increased and subsequently greater 
connectivity may be found between these areas. Furthermore, within the three gully catchments the range 
of spatial correlation in soil moisture has generally increased, particularly within the forest gully 
catchment, indicating a greater spatial continuity in soil moisture over larger areas during this period. The 
occurrence of similar soil moisture values over large areas during wet conditions has also been reported 
by Grayson et al. (1997) and Merz and Plate (1997).The size and number of source areas during this 
period has therefore increased with a relative decline in the size and number of sinks. 
During wet periods the expansion of wet areas is caused by prolonged rainfall from successive storms, 
usually of low to moderate intensity. Despite different physical and hydraulic properties, the water 
storage capacity of the formerly dry zones may be filled or is close to this maximum and have thus 
become potential source areas of surlitce runoff. The exhaustion of soil water storage capacities in 
previously non-source areas has also been reported by O'Loughlin ( 1981 ). A strong and significant 
correlation (0.73, p<O.OI) (ligure 7.2) between the percentage volumetric soil moisture at saturation 
determined from the Pitman cores (soil depth measured 0-7cm) at 58 sample locations and the percentage 
soil moisture measured by TDR on a representative wet sampling date (February 2 1996), together with 
field observations (Plate 7.1), indicates that the surface soils within the three gully catchments are likely 
to be near saturation during wet periods. It is recognised that in figure 7.2 that the soil moisture values 
measured by TDR are nearly always lower than the soil moisture values measured at saturation. This 
discrepancy may be accounted for by the different soil depth and soil volume over which water content is 
averaged by the two measurement techniques. Water content at saturation measured hy the Pitman cores 
is averaged over a soil depth (0-7cm) and soil volume (160 cm3) which is smaller than that measured by 
the TDR (0-IScm and 977 cm3 respectively). his therefore not possible to say conclusively whether the 
soils within the gully catchments are saturated. lt is only possible to give a likelihood of saturated 
conditions. The date of February 2 1996 is used to determine the likelihood of saturated conditions since 
the minimum, maximum and average soil moisture values within each gully catchment are highest on this 
date compared to other sampling dates (Chapter 6, tables 6.1, 6.2, 6.3, pages 148-149). February 2 1996 
therefore represents the wettest soil moisture conditions measured within the catchments. Furthermore. 
table 7.1 shows the total rainfall which fell 2, 7 and 14 days prior to each soil moisture sampling date as 
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well as a 30-day reciprocal-decay antecedent precipitation index (API30) (Weyman, 1974). From this table 
a clear distinction can be made between dry (March 1995 - November 1995) and wet (January 1996 -
April 1996) periods on the basis of antecedent rainfall. During the wet period rainfall of over 70mm in 14 
days occurs prior to several soil moisture measurement dates. This persistently high level of antecedent 
rainfall together with the moderate to low hydraulic conductivity of these soils (as low as 0.03 mm hr' 1 -
Chapter 4) and field observations infers that saturated or near saturated conditions are likely to have 
occurred during the wet period. 
Therefore, during wet periods, due to the near saturation of surface soils and rainfall with a low to 
moderate intensity, the critical threshold value above which widespread runoff will occur is presumed to 
be saturation point. For this study region Ternan et al. ( 1997) have reported that 
"it seems that sig11ijicant runoff events are associated IVith saturation of the surface soil horizo11 ". 
During wet periods therefore the occurrence of widespread runoff is dependent upon antecedent 
conditions, which are determined by the frequency of rainfall events (table 7 .I). Cammeraat ( 1992) has 
also reported that runoff is strongly dependent upon antecedent soil moisture which is governed by the 
frequency and duration of storm events and thus consequently follows a seasonal regime, alternating 
between summer and winter. 
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Figure 7.2: Regressio n analysis between the percentage soi l m ois ture at saturation 
and the percentage soi l moisture measured by TOR on February 2 1996 using 
samples from all three gully catc hm en ts. 
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Table 7 .1. The total rainfall which fell2, 7 and 14 days prior to eac h so il 
moisture sampling date , and the 30 day antecedent precipitation index (A PI ,.) . 
Soil M OISlure 2 days 1 day~ 14 days API10 
Sampling Dale~ (mm) (mm) (mm) (mm) 
March 8 199~ ~ .1 17 . I N/A 6.9 
May 20 1995 0.7 3.7 53 .2 6. 1 
July121995 5.9 6.4 37.9 7.6 
Seplember 8 1995 0.0 0.0 8.2 2.9 
Sep1ember 14 1995 0.0 0.0 0.0 7.5 
Oclober 2 7 199 5 1.6 13 .9 13.9 2.9 
Oc1ober 28 1995 0.0 13.9 13 .9 2.5 
Oc1ober 30 1995 0.0 2.5 13.9 1.9 
November I 1995 0.0 1.6 13.9 1.4 
November 4 1995 0.0 0.0 I 3.9 1.1 
January 26 1996 12.0 41 0 100 .0 17 .5 
lanuary 27 1996 2.0 2S .O 100 0 16.2 
January 28 1996 I 0 24 .0 101.0 3 2 3 
January 10 1996 19 0 18 .0 113 0 17 ~ 
~ ebruary I 1996 0.0 22.0 80.0 12.3 
February 2 1996 00 21.0 61 0 110 
I February 4 1996 0.0 19.0 43 .0 9 .0 
March 28 1996 .1 .7 s .9 11.2 2.8 
March 10 1996 0.2 6 . ~ 9.1 I J 9 
"C"' I lq96 IS 1 242 27 2 21 2 
--
~ 
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Plate 7 .1. Surface ponding during the wet period 
providing field evidence of soil saturation. 
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7.2.3 Implications for Runoff 
Although the contour plots of soil moisture and variogram analysis provide some indication of the 
continuity in hydrological pathways during dry and wet periods, they provide liule detailed information 
about connectivity between source areas and more importantly the connectivity of these source areas to 
the gully channels. Significant runoff and erosion from the gully catchments may be considered to occur 
when flow is observed at the catchment outlel. For this to occur the source areas of runoff must be either 
directly or indirectly through adjoining source areas hydrologically connected to the catchment channels. 
To establish the continuity of hydrological pathways within each gully catchment, a flow direction for 
every 5x5m cell within the gully grids was first determined using the method proposed by Tarboton 
( 1997). Each cell is assigned a single flow direction reflecting the direction of the steepest downward 
slope based on eight triangular facets formed in a 3x3 pixel window centred on the pixel of interest 
(Tarboton, 1997). The direction of flow for every 5x5m cell within each of the gully catchments is shown 
in figures 7.3a, b, c. Runoff generation from an individual hydrological response unit will only occur 
when its threshold value is exceeded. Within this region antecedent soil moisture plays a significant role 
in generating runoff (Ternan et al., 1997). The lack of field evidence tor widespread runoff during dry 
conditions when soil moisture is generally low provides evidence of the role of soil moisture in 
generating runoff. As discussed earlier the threshold value above which runoff will occur from individual 
hydrological response units is therefore considered to be saturation point. To determine the saturation 
threshold value for each individual gully catchment, the volumetric soil moisture determined from the 
Pitman cores taken from within each catchment have been correlated with the percentage soil moisture 
measured by TDR on a representative sampling date during wet conditions (February 2 1996) (figures 
7.4a ,b ,c). As in figure 7.2 the correlations are strong and significant (p<O.OI) and again suggest that 
these locations are at or near saturation. 1t is recognised however, that contrasting areas of hydrological 
response forming a mosaic pattern, will by definition, have different critical threshold values (Campbell 
and Honsaker, 1982: Bryan and Yair, 1982). This is demonstrated by the range of soil moisture saturation 
values recorded from the Pitman cores (figures 7.4a, b, c). Within the gully catchments therefore some 
areas may have a very different soil moisture saturation threshold compared to other areas. However, due 
to practical constraints of sampling it was not feasible to determine the saturated soil moisture threshold 
value of every hydrological response unit within each gully catchment. This may however be an issue for 
consideration in any future research and these possibilities are discussed further in Chapter 8 (page 262). 
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In light of this variation in soil moisture threshold values, the minimum, maximum and average soil 
moisture value measured by TDR on February 2 1996 within each gully catchment is used to construct 
three scenarios which cover the range of critical soil moisture thresholds above which runoff may be 
expected to occur. The minimum, maximum and average critical saturated soil moisture thresholds for the 
matorral gully catchment are therefore 19.1 %, 42.5% and 32.2% respectively; 13.6%, 42.5% and 29.8% 
respectively for the forest gully catchment and 18.4%, 40.6% and 30.2% respectively for the bench 
terrace gully catchment. In the same study area Ternan et al. (1997) have also identified soil moisture 
thresholds above which runoff volumes increased significantly. For undisturbed matorral plots a soil 
moisture threshold of approximately 27% was considered critical for runoff generation. In the bench 
terraced area a slightly higher soil moisture threshold (34%) was identified (Ternan et al., 1997). The 
average soil moisture thresholds reported here for the matorral and bench terrace gully catchments are in 
good agreement with the respective soil moisture thresholds reported by Tcrnan et al. ( 1997). 
In addition, the saturated soil moisture values recorded at ccnain grid cells by the Pitman cores within 
each catchment have been interpolated (linear interpolation) to provide a saturated soil moisture value for 
the remaining unmeasured grid cells. Several saturation threshold values arc therefore derived, ranging 
. . 
from. ~Q% IQ ~Q% soil. moisture. The r.esults from this approach ~hich difff;!,rs from taking the minimum •. 
maximum and average critical saturated soil moisture thresholds can be compared to the saturated soil 
moisture pattern on February 2 1996 derived by using the average saturated soil moisture threshold. This 
comparison .is shown in figure~ 7.5c, i6c and 7.7c. Ho\'Yever, similar 'to taking the avenige saturation 
threshold value this alternative approach, based on interpolating thresholds from the Pitman core data, 
may also assign a saturation threshold value to grid cells which is very different from the true value. In 
addition this alternative approach may be unreliable since for example, in the forest gully catchment the 
threshold values of ISO unmeasured grid cells have been interpolated from just 20 measured grid cells, 
the spatial distribution of which may not be favourable for interpolation. 
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Figure 7.3: The direcrion or overland flow for every 5x5m 
cell wirhin each or rhe gully carchmenrs. 
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Figures 7.4: Regression analysis between the percentage soil moisture at 
saturation and the percentage soil moisture measured by TDR on February 
2 1996. 
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For every soil moisture sampling date a soil moisture value was recorded at the centre of every Sx5m cell 
within each of the gully catchments. In figures 7.Sa, b, c, 7.6a, b, c and 7.7a, b, c, three scenarios are 
presented in which the cells within each gully catchment which have a soil moisture value equal to or 
above the minimum, maximum and average critical threshold value for that catchment are shaded in black 
and may therefore be considered as areas which will generate runoff with the onset of rainfall. The cells 
which have soil moisture values below these critical thresholds are shaded in grey and may be considered 
as sink areas for the runoff generated from the source areas. It should be noted that the minimum and 
maximum critical threshold values represent the extremes to a range over which grid cells arc saturated. 
Each of the gully catchments will in reality display a spatial pattern of saturation which lies somewhere in 
between the two extremes presented here. Since this actual spatial pattern cannot be determined the 
average critical threshold· value may be considered as the best approximate of the gully catchments true 
hydrological behaviour. The discussions below are therefore based on the results obtained from the 
average critical threshold value. 
It can be seen from these figures that relatively few cells have soil moisture values above the critical 
threshold identified for runoff generation during dry conditions. Even during the scenario when saturation 
point is. based on the. mini1,11u~ _soil moisture threshold are_ only a_SIJ\all percentage of the grid cells. 
saturated during dry conditions. During dry periods therefore the generation of runoff via saturation 
overland flow is expected to be minimal within the gully catchments. Any widespread runoff which does 
occur is" presumed to be generated by infiltration "excess during high iniens"ity rainia"if eve'nts when the 
majority of the hydrological response units infiltration threshold is exceeded. In contrast during wet 
periods a far greater number of cells within each gully catchment have soil moisture values above the 
minimum and average critical threshold values. The potential for widespread runoff during wet conditions 
is therefore higher than during dry conditions and is a finding similar to that reported by Blackburn 
.. ·.· 
( 1975), Bryan ( 1994 ), Cerda ( 1997), Mcrz and Plate ( 1997) and Grayson et al. ( 1997). 
The spatial pattern of saturated grid cells on February 2 1996 as determined from the interpolated Pitman 
core data can be compared to the spatial pattern of saturated grid cells for the same date based on the 
average saturation threshold in rigurcs 7.5c. 7.6c and 7.7c. Although February 2 1996 represents the date 
on which the highest soil moisture values were recorded by TOR, very few of the grid cells are saturated 
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based on the thresholds derived from the interpolated Pitman core data. This may be accounted for by the 
different soil depth and soil volume over which soil moisture is derived from the Pitman cores compared 
to the TDR. Furthermore the small number of grid cells which are saturated based on the interpolated 
Pitman core data (only 9.8% in the matorral gully, 16.5% in the forest gully and 1.9% in the bench terrace 
gully) are unlikely to account for the widespread saturation and generation of catchment runoff observed 
within the field during this period (plates 7 .I and 7 .2) 
237 
Chapter 7- Soil Moisture Variability and Hydrological Conrin11ity: lmpliccllions for H11110f! and Erosion, 
Hydrological Monitoring and Management 
Figure 7.5a: Temporal and spatial patrems of grid cells with soi l moisture values above and below the minimum 
critica l saturation threshold (19.1%) w1thin the Matorral gully catchment. 
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Figure 7.6a: Temporal and spatial patterns of grid cells with soil moisture values above and below the minimum critical 
saturation threshold ( 13.6%) within the Forest gully catchment. 
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Figure 7.6b: Temporal and spatial patterns of grid cells with soil moisture values above and below the maximum critical 
saturation threshold (42.5%) within the Forest gully catchment. 
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Figure 7.7a: Temporal and spatial pattern of grid cells with soil moisture values above and below the minimum cri tica l 
saturation threshold ( 18.4%) within the Bench Terrace gully catchment. 
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Figure 7.7b: Temporal and spatial pattern of grid cells with soil moisture values above and below the maximum critical 
saturation threshold (40.6%) within the Bench Terrace gully catchment. 
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Figure 7.7c: Temporal and spatial pattern of grid cells with soil moisture values above and below the average critical 
saturation threshold (30.2%) within the Bench Terrace gully catchment. 
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D Soil Moisture Value below Saturation Threshold 
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Table 7.2 shows for every sampling date within each gully catchment, the percentage of grid cells which 
have soil moisture values above the minimum, maximum and average critical threshold value and hence 
which may be considered as saturated. In the matorral and forest gullies none of the cells have a soil 
moisture value above the average threshold during dry conditions and in the bench terrace gully only I% 
of the cells are above the average threshold on September 8 1995. In contrast, during wet conditions soil 
moisture values within the matorral and forest gully catchments may be persistently higher than the 
average critical threshold value for over 50% of these gullies catchment area, reaching a maximum of 
66% in the matorral gully and 58% in the forest gully. During wet periods therefore more than 50% of the 
matorral and forest gullies catchment area may be frequently generating runoff. In the bench terrace gully 
however the maximum percentage of saturated grid cells (24.8%) is less than half the percentage found 
within the matorral and forest gully catchments during wet periods. Furthermore the percentage of the 
bench terrace gully's catchment area which is generating runoff is persistently less than 20% during these 
conditions. In comparison to the matorral and forest gully catchments, the bench terrace gully will 
therefore generate less runotT under similar rainfall conditions. 
The number of source areas (saturated grid cells based on the average critical threshold) may increase 
dramatically over a short p~;:ri.od of time within each of.the gully cat~;hme.nts. After_just 2 days for 
example a near doubling in the percentage of saturated grid cells can be seen within each catchment from 
March 30 1996 to April I 1996. Similarly, the percentage of saturated grid cells may fall rapidly as 
observ~d between February i 1996 ~nd February 4 t996. Du~ing wet periods soii moisture values are 
high and are close to or at the average threshold value. Additional rainfall or a few days without rainfall 
. . 
may therefore dramatically change the percentage of source areas contributing runoff within each gully 
catchment. Hodges and Bryan ( 1982) have reponed that the interval between storms is a critical factor in 
determining the severity and extent of runotT and erosion. Furthermore, run-on from source areas may 
raise the soil moisture value of downslope sink areas to a point above the threshold value. The sink areas, 
particularly those with a soil moisture value just below· the average threshold, will therefore rapidly 
develop into source areas as a result of the combined infiltration from rainfall and ups lope runon. 
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Table 7.2 . The pe rcentage of grid cells which have soil moisture valu es above the 
critica l thresho ld valu e. 
Soil Moistu re M atorral Fores t Bench Terrace 
--~J?..!l!!,g Dates -·-- .~l!!!l!Q..Grid CeJ.!!J.~.L ___ §a!Urated Grid Cells(~)_ . --~-t_u.r.a ted ... Q.r .. i.d. ... <:: . .illsJ~J. ...... 
Mean M in M ax Mean M in Max Mean M in M ax 
March 8 1995 --- - ---- ---- 5.9 65 .3 0 ---- ---- ----
May201995 0 16 .1 0 ---- ---- ---- ---- ---- ----
Jul y 12 1995 0 2.7 0 0 11.8 0 0 1.9 0 
Septemb er 8 1995 0 5.4 0 0 40 0 I 12.4 0 
Septemb er 14 1995 0 1.8 0 0 10.6 0 0 1.9 0 
0 ctober 27 1995 0 8 0 0 25 .3 0 0 6.7 0 
Oc tober 28 1995 0 8 0 0 30 .6 0 0 7.6 0 
Oc tober 30 1995 0 4.5 0 0 24.1 0 0 5.7 0 
November I 1995 0 4.5 0 0 19.4 0 0 4.8 0 
November 4 1995 0 2.7 0 0 12.4 0 0 1.9 0 
January 26 1996 45 .5 95 .5 0 ---- ---- ---- 12.4 79 0 
January 27 1996 55.4 96.4 0 50 .6 97 .6 0.6 15 .2 86.7 0 
January 28 1996 66 .1 96.4 0 54 .7 98 .2 0 21 84.8 I 
January 30 1996 55.4 96.4 0 51.2 97 .6 0 16.2 84.8 I 
February I 1996 64.3 96.4 3.6 ---- ---- ---- ---- ---- ----
February 2 1996 62.5 95 .5 2.7 58 .8 98 .8 2.9 24.8 84.8 1.9 
February 4 1996 48.2 95.5 0 44.7 97 .6 0 11.4 81 I 
March 28 1996 5.4 68 .8 0 11.8 74 .7 0 1.9 48.6 0 
M arch 30 1996 20.5 89 .3 () 26 .5 91.2 0 12.4 68 .6 0 
Apr il I 1996 47.3 93.8 1.8 48 .8 95 .9 1.2 21.9 79 I 
'---
- --
............ 
- = 
T he percentage of grid cells with soil moisture values above the average critica l threshold provides I ill le 
in fo rmation regarding the connecti vity between these cells and more significanlly with the gully channels. 
Table 7.3 therefore shows for every sampling date wi th in each of the gully catchments the percentage of 
grid cell s which are saturated and which either drain directly or indirectl y, through adjoini ng saturated 
cells, to a gully channeL This connecti vity provides a measure of the continuity in hydrological pathways 
within each of the gully catchments. During dry conditions the hydrological pathways within each of the 
gully catchments are discontinuous and none of the source areas are connected to the channel: During wet 
conditions the extent of continuity in hydrological pathways varies between the gully catchments and is 
closely related to the percentage of saturated grid cell s. In the matorral gully, hydrological pathways are 
most continuous, with up to 54% of the source areas being hydrologically connected to the catchment 
channel. In the forest gully a maximum of 37. 1% of the source areas may be hydrological connected to a 
channel and discontinuity in hydro l ~gica l· pathways is greate!>t withi n the bench 'terrace gully where onl y a 
maximum of 14.3% of the source areas may be.hydrologically connected to a channel. The continuity in 
hydrological pathways may in part be greater in the matorral and forest gullies tlue to the greater number 
of channels within these catchments compared · to the 'bench terrace gull y. Hydrolog-ical pathways may 
therefo re be shorter in the matorral and forc~t gull ies and hence wi ll have a greater likelihood of being 
continuous. Most significantly however, the continui ty in hydrological pathways is related to the 
percentage of saturated grid cells which are significantly fewer in number within the bench terrace gully 
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catchment (table 7.2). Furthermore, similar to table 7.2, the continuity of source areas within each of the 
gully catchments may increase or decrease dramatically within a few days during wet conditions. On 
March 30 1996 for example, 15% of the source areas within the matorral gul ly and 11 % wi thi n the forest 
gully were connected. Just 2 days later on Apri l I 1996, the percentage of connected source areas 
increased to 40% and 30% within the matorral and forest gull y catchments respecti vely (table 7.3). The 
continuity in hydrological pathways has therefore more than doubled over this short period of time. 
During wet periods when soil moisture values are close to thei r average threshold , continu ity in 
hydrologica l pathways may therefore increase rapid ly with the potential consequence of widespread 
runoff which can reach the catchment outlet. Burt and Butcher ( 1985) have also reported the rapid 
development of widespread connectivity result ing from further additions of rainfall during already very 
wet conditions. Similarly, discontinuity in hydrological pathways may also be rapid as can be observed 
from February 2 1996 to February 4 1996 withi n each of the gull y catchments (table 7.3 ). 
Tahlc 7 3. The percenta ge of gnd ce lls wh~Ch arc saturated and wh tch cllhcr t.lram directly or 
tndircct ly through ad(o tn tng sa w ra ted ce lls tu,, gully channel 
Soil ~l ois t ure ~~ alorral Forest Bench Terrace 
Sampling Dates Connec ted Cells ('k) Connected Cells ('k ) Connected Cells ('k) 
Mean M in M ax Mean M in Max Mean M in Max 
March 8 1995 2. 9 61.2 0 
May201995 0 9.8 0 
July 12 1995 0 1.8 0 0 7.1 0 0 0 0 
September 8 1995 0 1.8 0 0 17 .6. 0 
·I 
() u 0 
September 14 1995 0 o·.9 0 0 5.9 0 0 0 0 
October 27 1995 0 3.6 0 0 14.1 0 0 1.9 0 
October28 1995 0 4.5 0 0 17.6 0 0 1.9 0 
October 30 1995 0 1.8 0 0 14 .7 0 0 1.9 0 
November I 1995 0 1.8 0 0 10 0 0 1.9 0 
Nov·em ber 4 1995 0 1.8 0 0 6.'5 0 0 0 . 0 
January 26 1996 33 .0 90.2 0 7.6 56.2 0 
January 27 1996 45 .5 92 0 34.1 95.6 7.6 75.1 0 
Janu ary 28 1996 54 .5 92 0 37 .I 100 0 9.5 75.2 0 
Janua ry 30 1996 46.4 92 0 34.7 95 .6 0 8.6 78 .1 0 
February I 1996 52 .7 92 2.7 
February 2 1996 52 7 90 .2 2.7 3 7. 7 100 u IU 69 .5 0 9 
February 4 1996 36 6 90.2 0 24 .7 95 .6 0 7.6 57 .I 0 
M arch 28 1996 2 7 59 .8 0 5.3 65 .9 0 0 23 .8 0 
M arc h 30 1996 15 .2 73.2 0 I 11 .2 84 .I 0 6.7 40 0 
April I 1996 40 2 88.4 0.9 30.6 92.9 0.6 8.6 53.3 0 
------
During wet periods therefore the continuity in hydrological pathways is finely balanced between being 
cominuous resulting in widespread runoff and discontinuous resulting i1~ minimai runoff. On several 
occasions during the wet period rainfall of moderate to low intensity was observed to cause catchment 
wtde runofl resul ttng in considerable runoff and sediment discharge in the gull y channels (P late 7.2). 
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Llorens and Gallart (1992) have also reported a fast response with high runoff coefficients when the 
catchment reaches conditions near to saturation. 
Plate 7.2. Runoff and sediment discharge within the Forest gully's main 
channel during the wet period. 
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7.2.4 Implications for Erosion 
The evidence presented above suggests that the occurrence of widespread runoff will be greater during 
wet periods, when soil moisture conditions are more likely to be above the saturation threshold and 
subsequently hydrological pathways are more continuous than during dry periods. Consequently the 
severity and spatial extent of erosion may also be expected to be greater during wet periods compared to 
dry periods. Govers and Loch (1993) and Vandaele and Poesen (1995) have however reported that higher 
initial water contents leads to a higher erosion resistance. Erodibility and erosion may therefore be highest 
during dry summer periods when desiccation proceeds heavy rainfall (Vandaele and Poesen, 1995). 
Furthermore soil aggregates may be more stable at higher initial water contents due to a greater resistance 
to slaking forces (Truman et al., 1990; Rasiah et al., 1992). In contrast Bajracharya and La I ( 1992) have 
reported that erodibility of a Miamian silt loam soil is highest under wet conditions during the winter and 
spring when soil strength is lowest. Ireland et al. ( 1939) have also reported that 
".mluralion cw1sed by prolonged dri::ling rains during The 11'<'1 seo.wm pro1·ided condirirms during "·hich 
1110.>1 of rile gully erosion occtiiTed ... 
Blackburn (1975) has further argued that under higher initial soil water conditions, the rapid generation of 
. . - .. - . . " . . . -
runoff allows a longer time to erode dispersed particles. Bryan and Yair ( 1982) have also reported that in 
Mediterranean environments, badland erosional processes are almost entirely confined to the winter or 
wet season. 
At every ·soil moisture sampling point within each of the gully catchments erosion and/or deposition was 
recorded throughout the study period (Chapter 3, section 3.2 and 3.3.5). The measurement of erosion and 
deposition therefore covers the spatial extent of the gully catchments using 5rn sampling intervals. To 
determine under which conditions the severity ami spatial extent of erosion is greatest and therefore 
whether erosion can be related to soil moisture conditions, the erosion data have been separated into 
measurements recorded during dry periods. (July. 11 1995 to November 1· 1995) and measu~ements 
recorded during wet periods (November I 1995 to April I 1996), based on the same division in sampling 
dates ·as used in the soil moisture data. Within each gully cat~hment in both dry and wet ~onditions the 
spatial pallern of net erosion was not signilicamly correlated to the spatial pallcrn of soil moisture on any 
of the sampling dates. This suggests that sediment sources are therefore generally not in the same location 
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as source areas of surface runoff. Johnson and Gordon ( 1988) have also reported no significant 
differences in soil loss between areas with high and low soil moisture conditions. Scoging (1989) has 
further argued that the spatial pattern of erosion may be related to variations in sediment avai labi li ty and 
the detachment - transport capacity relationship rather than the spatial pattern of source areas. Table 7.4 
shows the net erosion, represented by surface lowering, recorded within each gully catc hment during dry 
and wet periods . During both periods and within each gully catchment erosion is greater than depositio n 
which implies that sediment is either exiting the gully catchments (even duri ng dry periods) or deposition 
is occurring at a spatial scale shorter than 5m. Furthermore, net erosion ca n be seen to be significantly 
higher during wet periods compared to dry periods within each gull y catchment. In the matorral gull y 
catchment an 84% increase in ne t erosion occurs during the wet period. In the forest and bench terrace 
gul lies the increase in net erosion duri ng the wet period is 70% and 57% respecti ve ly. The severity o f' 
eros ion is there fore greatest during wet periods when the three g ull y catchments may be considered as 
spatially interacti ve and hence whe n the freque ncy of widespread runoff is highest. In New South Wales. 
Austra lia. Murphy and Flewi n ( 1993) have al~o reported grea ter eros ion during wet conditio ns than if the 
same rai n had fallen when the soil was dry. During dry periods, the majori ty o f' the hydro logical response 
units soil moisture values are well below the threshold conditions necessary to generate runoff. Together 
with discontinuo us hydrological path ways, runoff wil l be mi nimal and consequent ly the severity of 
erosion will be lower. Furthermore, the erosion data in table 7.4 suggests that the erosion caused by 
rai nfall events o f high intensity during dry periods when the majori ty of the catchments area may also be 
contributing runoff is minor in .comparison to the erosion caused during wet periods. Murphy and Flewin 
( 1993) f1ave reported that periods of low intens ity but frequent rainfal l can cause saturation driven runoff 
leading to higher rates of soi l eros ion than would be expected from analysis o f rain fa ll inte nsity alone. 
-
--- --
-
Tah le 7 4. Th e ne t eroston (eroston mtnu s deposi ti on) recorded within each gull y catch ment du rt ng dry I and w ~t pc!tod s. 
Ne t Erosion Mator ral Gully Forest Gully Bench Terrace Gully I (Eros ion-Deoosition) (m_m) J mm)_ (m m) 
' 
Mean M in M ax Mea n Mtn MH Mean M in M a' 
·I Dry Periods (Ju ly 11 1995- November I 1995) -0.9 +11 - 13 . -1. 1 +4 -19 1 -2.5 +22 -2 6 Wet Periods (November I 1995 - April! 1996) -5.6 +13 -37 -3.8 +29 -41 I -5.8 + 33 -56 
11 
Dtffe rence betw een Dry an d Wet Pcrtods -4 .7 ---- ---- -2.7 -·-· ---- ~~ i ---- ----Increase from Dry to Wet Pcrtods (%) 84% ---- ---- 70% ---- ---- ---- ----
Table 7.5 sho ws with in each of tlte gul ly catc hme nts the nu mber of sampling locations recording c ros tnn 
during dry and wet periods and therefore provides information concerning the spatial extent of erosion 
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during these two conditions. Within each gully catchment the spatial extent of erosion is significantly 
higher during wet conditions compared to dry conditions. In the matorral gully a 34% increase in the 
number of sites measuring erosion occurs during the wet period. In the forest and bench terrace gullies a 
42% and 28% increase respectively in the number of areas undergoing erosion occurs during wet periods. 
During wet periods therefore, when hydrological pathways are more continuous and the occurrence of 
widespread runoff is more prevalent, the spatial extent of erosion will be greater than during dry 
conditions when the catchments may be considered as being spatially isolated. Temporal changes in the 
extent and magnitude of soil erosion has been recognised and reported by several authors (Ireland et al., 
1939; Thornes, 1980; Campbell and Honsaker, 1982; Bryan and Yair, 1982; Yair and Lavee, 1985). 
Tab le 7.5 . The nu mber or sam plin g locatio ns recording eros ion (spatial extent) durin g dry and we t periods. 
Spat ial Extent or Eros ion Matorr al Gull y Fores t Gully Bench Terrace Gull y 
(N um ber of Erod in g Sit es) 
Dry Periods (Jul y 11 1995 - Nov ember I 1995 
' Wet Per io ds (Novc mll er I 199 5 - April I 1996) 
Difference bet ween Dry and Wet Periods 
Inc rease from Dry to Wet Periods ('A l 
7.2.5 Summary 
H 
7 ~ 
25 
J ~ 'il 
....... 
37 56 
(I~ n 
27 22 
~ 1 'k 2 X 'A 
,. 
-
I 
A mosaic pattern of areas of contrasting hydrological response, as reflected in the spati al pattern of soil 
moisture, can be observed within each of the gully catchments. During dry conditions the mosaic pattern 
is fragmented and source areas are spatially isolated resulting in discontinuous hydrological pathways. In 
addition the majority of the hydrological response units soil moisture values during this period are well 
below the average saturation threshold necessary to generate runoff. During dry periods therefore, the 
catchments may be considered as spatially isolated and when runoff and erosion does occur, it is highly 
0 • 0 
loca lised and minimal in its severity and spatial extent. During these conditions widespread runoff and 
eros ion may onl y occur when the intensity of rainfall events exceed the majority of hydrological 
response units infiltration threshold. The relati vely low frequency and short duration or these events 
ensures however, that the runoff and erosion which occurs during dry periods is small in comparison to 
the runoff and erosion occurring during wet periods. 
During wet periods the spatial extent and number of source areas within each of the gully catchments 
increases as more and more hydrologtcal respon~e un its soil moisture values near the average saturation 
threshold. The potential for widespread runoff and erosion is therefore much greater than during dry 
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periods. In addition the continuity of hydrological pathways also increases as large areas of similarly high 
soil moisture occur. The potential for widespread runoff and erosion to be transported outside of the 
catchments is therefore also greater during wet periods. Furthermore the development of continuous or 
discontinuous hydrological pathways has been shown to be rapid during wet periods as rainfall events are 
frequent, maintaining soil moisture values constantly close to the saturation threshold. During wet periods 
the three gully catchments may be considered as spatially interactive and the occurrence of widespread 
runoff and erosion is dependent upon the frequency of rainfall events and hence the times during which 
conditions are above the critical threshold values. 
Different hydrological responses may therefore be expected to occur from the gully catchments and will 
show a temporal dependence upon whether conditions are above or below the critical threshold. In the 
following and final section of this chapter the implications of mosaic patterns of areas of contrasting 
hydrological response, continuity in hydrological pathways and the existence of thresholds for 
hydrological monitoring and management will be discussed. 
7.3 Implications for Hydrological Monitoring and Management 
7.3.1 Scale Issues 
Hydrological response units have been reported over a range of scales from within runoff plots as small 
as !.5m2 (Morin and Kosovsky, 1995; Bergkamp et al., 1996), to hillslopes (Biackburn, 1975; Cerda, 
. . .. 
1995) and catchments (lmeson et al., 1992; Yair, 1992). In this study a mosaic pattern of soil moisture 
reflecting contrasting areas of hydrological response has been reported fonhe micro (I m), meso (Sm) and 
macro-scales (25m). The mosaic pattern formed by areas of contrasting hydrological response appears 
therefore, to be scale-independent ic. a mosaic pattern of contrasting hydrological response units may be 
. found.at all scales .. Furthermore the hydrological. response units. in a. mosaic pattern found at·one scale 
form one level in a nested hierarchical scalar system, the complexity of which increases with increasing 
scale (Campbell and Honsaker, 1982; Bergkamp, 1995). At large scales eg. catchments, there will be 
greater complexit:t with several nested levels of mosaic· patterns. At .each level, the fac;tqrs determining 
the mosaic pattern may differ resulting in different magnitudes and processes of runoff at each scale 
(Seyfried and Wilcox, IYY5; l'ocscn eta/., IYY6; Nicolau et al., 1996). For example, at the microscale the 
mosaic pattern may be determined by differences in the stability of soil aggregates (Poesen et al., 1996), 
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whereas at the hillslope and catchment scale the mosaic pattern may be related to topography, soil and 
vegetation patterns (Nicolau et al., 1996; Kirkby et al., 1996). At each larger scale the factors that 
determine runoff at that scale may override the factors generating runoff at smaller scales (Seyfried and 
Wilcox, 1995; Nicolau et al., 1996). Furthermore, for a storm to initiate catchment scale runoff and 
erosion it must overcome the spatial arrangement and threshold values of hydrological response units at 
all smaller scales. Widespread runoff and erosion at the catchment scale therefore requires prolonged or 
larger magnitude storms, whereas widespread runoff and erosion at smaller scales, with fewer nested 
levels, may be initiated by shorter duration or lower magnitude storms. Catchment scale events may 
therefore occur irrespective of the spatial arrangement or threshold values of mosaic patterns at all smaller 
scales. Based on this concept, Wood et al. (1990) proposed the existence of a Representative Elementary 
Area (REA). 
"71~e REA is the scale at ll'hich spmial pallems 1111 longer ha!'f! 10 l>e con.l'it!eret! and simi/arily ('{Ill he 
a.\'.1'1111/ed" (Wood et al., 1990). 
The REA occurs at the scale where variation in the response between areas falls to a level which is 
considered acceptable (Wood et al., 1990). At scales above the REA therefore, nonspatial statistics such 
as the mean and variance can be used to adequately describe the hydrological response (Seyfried and 
Wilcox, 1995). At scales smaller than the REA however, the spatial patterns of variability must be 
measured and considered when describing the hydrological response at these scales (Wood et al., 1990; 
Seyfri~ and Wilcox, 1995). The conc~pt of the irni\ may therefore be considered as analogous to the 
concept of thresholds with however, one exception. The concept of the REA assumes decreasing 
variability with increasing scale (Seyfried and Wilcox, 1995). Increases in scale however, introduces new 
sources of heterogeneity (Seyfried and Wilcox, 1995; Mahmood, 1996). It is well known that two 
samples taken adjacent to each other will be more similar than samples taken further apart (Journcl ami 
·· .. . :' 
Huijbregts, 1978; Trangmar et al., 1985; Oliver and Webster, 1991; Cambardella et al., 1994). The 
existence of an REA is therefore .dependent. upon the degree of heterogeneity encountered within-an area; 
For this reason Woolhiser et al. ( 1996) have reported that the REA concept is likely to be less valid in 
arid and semi-arid regions where variability in the factors controlling runoff generation is greater. 
Furthermore, Bergkamp ( 1995) has reported that in semi-arid regions it is the spatial structures at small 
scales which control the hydrological behaviour of the system at different scales. The concept of the REA 
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may therefore not be useful in semi-arid areas and it is suggested that the concept of thresholds presented 
here relating to a nested hierarchical scaled arrangement of mosaic patterns is more applicable. 
The existence of mosaic patterns of areas of contrasting hydrological response has serious implications 
for the use of small bounded plots used to characterise runoff from an area (Amerman, 1965; Bonell and 
Williams, 1987). Within the mosaic pattern, plots may be constructed, unknowingly, over source areas 
giving the impression of an area under severe degradation when in effect the spatial arrangement of 
runoff producing areas at the hillslope or catchment scale may be such that hydrological pathways are 
discontinuous, resulting in minimal runoff and erosion. Several studies have reported that the runoff and 
erosion estimated from plot studies overestimates the runoff and erosion at the hillslope and catchment 
scale (Evans, 1995; Poesen et al .. 1996; Gascuel-Odoux et al., 1996). Furthermore, since plots are studies 
conducted at the small scale, the thresholds above which runoff occurs will be lower and hence exceeded 
more frequcnlly than the threshold conditions necessary to generate runoff at larger scales (Campbell and 
Honsaker, 1982). The likelihood of continuous hydrological pathways within plots is also greater than can 
be expected at the hillslope or catchment scale due to the shorter distances involved. Mosaic patterns of 
areas of contrasting hydrological response may also be found within plots (Morin and Kosovsky, 1995; 
Bergkamp ~I al., 1996; Nicolau et ~1.. 1996). The runoff being generated from the plot, depending upon 
the spatial arrangement of the hydrological response units, may only occur from a few source areas 
located near the plot outlet and not the entire plot (Morin and Kosovsky, 1995; Nicolau et al., 1996). 
Similarly re5iihs from equipment monitoring for discharge and sediment yield within gully catchments 
may be affected by the location. of source and sink areas in relation to the positioning of the equipment. 
Careful attention should therefore be paid to the spatial arrangement of hydrological response units within 
the area of study and within the plot itself, and specifically to their location from the channel or the plot 
outlet. 
' ... 
7.3.2 Threshold Issues 
It has been established (figure 7 .1, conceptual model) that when conditions are below the critical 
threshold value, the severity and spatial extent of runoff and erosion is dependent upon the spatial 
arrangement of hydrological response units. Above the critical threshold value however runotl and 
erosion will occur regardless of the spatial arrangement of hydrological response units. Knowing the 
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spatial pattern of hydrological response units is therefore only relevant and useful when conditions are 
below the critical threshold. Spatial variability can be disregarded when conditions are above the critical 
threshold (Merz and Plate, 1997). This may have implications for the methodology used in hydrological 
studies for areas where thresholds, above which runoff is generated, are low. In many semi-arid and in 
particular arid regions, large areas are degraded. The term degraded infers an environment with low 
thresholds. In many semi-arid and arid environments thresholds may therefore be low and consequently 
widespread runoff may occur frequently (Campbell and Honsaker, 1982). In this situation quantifying 
spatial variability in soils and vegetation may not be important and therefore hydrological studies and 
models in these areas may disregard spatial variability as being a factor in determining hydrological 
response. Similarly if the majority of the runoff and erosion from an area is caused by only 2 or 3 storms 
which always exceed the critical threshold, then quantifying spatial patterns in topography. soils and 
vegetation may also be unnecessary. Low thresholds above which runoff is generated have been reported 
in southern Spain. Nicolau et al. ( 1996) identilied a rainfall amount of I Omm which was necessary to 
generate runoff. M-Mena et al. (199!!) identified a threshold of just 5mm rainfall above which runoff was 
generated. These thresholds however were determined from plot studies and it should be noted that as the 
scale of study increases the thresholds necessary to generate widespread runoff may also increase. In 
semi-arid and arid environments high spatial variability in topography, soils a~d vegetation ·may occur, 
but thresholds are generally low and frequently exceeded which is why many of these areas arc 
undergoing severe degradation. Within these regions quantifying spatial variability may only be useful in 
very large scaie tiydrological studies where the criiicai threshold may not afways be exceeded and 
therefore where spatial· variability and consequently discontinuous hydrological pathways may be 
determining the hydrological response. 
7.3.3 Management Implications 
In agricultural systems high variability in the soils physical and hydraulic properties is undesirable since it 
.creates dissimilar growing condition·s making farmi'ng activities·more complex·(McBratney, 1992). In 
terms of the ecological value of an area, soil variability may however be ben~licial, with distinct soil 
variations supporting a diversity of ecosystems (lbanez et al., 1995). McBratney ( 1992) and Bergkamp 
( l<J<J5) have also rcporteu that a heterogeneous environment is more likely to be resilient to external 
disturbances than a homogeneous environment. The results presented here and elsewhere (Yair, 1992; 
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lmeson et al., 1992; Cerda, 1995; Bergkamp et al., 1996, Nicolau et al., 1996) suggest that soil variability 
may also be advantageous in runoff and erosion control. Lavee et al. (1995) and Bergkamp et al. (1996) 
have argued that the heterogeneity of hydrological response induced by spatial structures restricts the 
severity and spatial extent of erosion. By creating a spatial mosaic pattern of contrasting hydrological 
response units, soil variability may therefore create a self regulating system in which runoff producing 
areas are surrounded by buffer zones capable of re-absorbing the runoff (Bergkamp et al., 1996). 
The use of buffer zones for erosion control is well documented for humid temperate (e.g. M organ, 1992) 
and tropical (e.g. Bonell et al., 1983) environments. These buffer zones usually take the form of 
vegetation strips which run parallel and adjacent to stream channels with the aim of absorbing runoff and 
trapping 'ediment from ups lope locations (V ought et al., 1995). Norris ( 1993) has reported however, that 
buffer zones positioned close to source areas of surface runoff may be more successful in absorbing 
runoff and preventing erosion than buffer zones located some distance from the source areas. In semi-arid 
areas, numerous studies (e.g. Campbell, 1989) have demonstrated that the soil materials in these 
environments, when exposed, are often highly erodible with severe erosion occurring over very short 
distances. Creating a spatial mosaic pattern in which buffer zones are adjacent to potential runoff 
producing areas, as identified from spatial soii moisture patterns, may therefore p~ovide the most effective 
management strategy in runoff and erosion control for semi-arid environments. Establishing mosaic 
patterns may be achieved by manipulating vegetation in selected locations to create sinks for overland 
now and sediment disposition (Duime et al.: 1991; :rilicoiau el ai:-1996). Where this spatiaf~os~ic 
pattern occurs naturally, disturbance to the area should be avoided.- since a change in the mosaic pattern 
may increase runoff and erosion (Cerda, 1995). To reduce disturbance, the management of areas 
displaying a spatial mosaic pallern, should adopt a spatially sensitive approach, allowing practices to vary 
according to site conditions (Robert, 1993; Burrough, 1993). Management should also aim to increase the 
threshold value of hydrological response units, reducing the frequency of those times when widespread 
runoff and er\)sion may occur. 
Where land management in semi-arid areas is primarily concerned with runoff and erosion conirol, three 
management aims may therefore he idemilicd. 
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I. To promote a spatial mosaic pattern of contrasting hydrological response units, increasing spatial 
• variation. Areas vulnerable to runoff will therefore be spatially isolated and hydrological pathways 
will be discontinuous. Runoff and erosion will be localised and the runoff and sediment reaching the 
catchment outlet will be minimal. Increasing the spatial variation in land use's may also have the 
added benefit of improving the ecological value of an area by increasing habitat diversity (lbanez et 
al., 1995). 
2. Management should also aim to raise the threshold value of the hydrological response units within 
the spatial mosaic pattern, ie. promote better soil physical and hydrological properties, so that the 
occurrence of widespread connectivity within the study area is less frequent. Adopting a management 
approach which is spatially sensitive may best achieve this aim, whilst causing minimal disturbance 
to the spatial mosaic pattern. It should be noted that management practices which increase spatial 
variation and thus the spatial isolation of runoff producing areas are of little value in prevellling 
runoff ami erosion if the threshold value is very low and hence is exceeded frequently. 
3. Identifying spatial patterns of hydrological response and critical thresholds allows the prioritisation 
and site specific design of erosion control measures (Scoging, 1989; Bryan, 1994; Vandaele and 
Poesen, 1995). Ireland et al. (1939) have reported that seasonal variation in gully activity resulting 
from seasonal differences in rainfall and runoff suggests that 
"by careful timing of gully colllrol measures man might take advantage of the .work already done by 
natu're ... 
When conditions are below the critical threshold, the self regulating system established by spatial 
variability requires little management. Scarce resources used to combat runoff and erosion can 
therefore be specifically prioritised and designed for those time periods and conditions when the 
critical threshold values are:e_x~ed (Bryan, 1994). Within-.the study region therefore soil 
conservation measures may only be necessary during wet periods and should be designed to combat 
the occurrence of widespread runoff and erosion during these periods. 
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In semi-arid environments past land use practices have often removed much of the natural variation, 
predominately for agricultural production. The increasing abandonment of this land, presents an 
opportunity for land managers to re-create and increase the spatial diversity of land units not only to 
protect the soil but also to enhance biodiversity. 
7.4 Conclusions 
Mosaic patterns consisting of areas of contrasting hydrological response, reflected by spatial patterns of 
soil moisture, have been identified at the micro, meso and macro-scales within this study region. The 
spatial differences in soil moisture are primarily related to variations in soil texture and pore stze 
characteristics. Within the mosaic patterns the wet areas may be considered as potential source areas of 
surface runoff whereas the drier areas arc believed to be sinks capable of absorbing runoff. A pattern of 
areas with contrasting hydrological response is therefore encountered. Depending upon the spatial 
sequence of these hydrological response units. source areas may be spatially isolated and consequently 
hydrological pathways will be discontinuous. The severity and spatial extent of runoff and erosion may 
therefore be expected to be minimal. Each hydrological response unit however may be given a threshold 
value above which runoff will be generated. When the majority of the hydrological response units 
threshold values are exceeded, hydrological pathways arc continuous and widespread runoff ·and erosion 
will occur regardless of the spatial sequence of the hydrological response units. Measuring spatial patterns 
of soil moisture may therefore prove to be a useful surveying procedure for identifying the spatial pattern 
of source areas and sinks and hence the continuity of hydrological pathways. Measurements made during 
wet conditions in particular' may identify critical threshold values above wh.ich widespread runoff may be 
expected to occur. 
During dry periods the majority of the hydrological ~~sponse units soil moisture values are belo\0/. t!1e 
critical saturation threshold. In addition the spatial sequence of hydrological response units promotes 
spatial isolation of source areas and consequently discontinuous hydrological pathways. Together these · 
circumstances result _in minimal runoff and erosion during dry pertods. The occurrence of widespread 
runoff and erosion during these periods is relatively infrequent and may be related to high intensity 
rainfall events during which the majority of the hydrological response units infiltration thresholds arc 
presumed to be exceeded. During wet periods frequent rainfall events ensure that in the majority of the 
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hydrological response units soil moisture values remain above or close to the saturation threshold. 
Continuous hydrological pathways may therefore develop rapidly during this period allowing the 
subsequent occurrence of widespread runoff and erosion regardless of the spatial sequence of 
hydrological response units. 
Spatial variability in soil properties or vegetation patterns may therefore create a self-regulating system in 
which runoff producing areas are surrounded by buffer zones capable of re-absorbing the runoff. Creating 
a spatial mosaic pattern in which buffer zones are adjacent to potential runoff producing areas may 
therefore prove to be the most effective management strategy in runoff and erosion control for semi-arid 
environments. This system however is only effective when conditions are below the critical threshold 
values. During those periods when conditions are beluw the threshold, the need for soil conservation 
measures will be minimal. Management and resources may therefore be prioritised and erosion control 
measures designed for those time periods when conditions are above the critical threshold and hence 
when widespread runoff and erosion can be expected. Within the mosaic pattern the runoff producing 
areas may be managed so as to increase their threshold value reducing the likelihood of the threshold 
being exceeded. This may be achieved by using vegetation to improve the soils hydraulic properties, with 
the aim of reducing soi.l moisture mid increasing hydraulic conductivity. 
In many semi-arid and arid environments, although high spatial variability in topography, soils and 
vegetation imiy occur and therefore the poienilal for self-regulating systems io develop may "lie high, 
ihresholds are generally low and hence frequently exceeded. Where ihis occurs, quantifying spatial 
patterns in hydrological studies with the aim of interpreting hydrological response or for inclusion within 
hydrological models may prove to be unproductive, particularly at small scales. 
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Chapter 8 
Synthesis and Conclusions 
8.0 Introduction 
In semi-arid environments, variability in vegetation cover, terrain, soils and management practices results 
in a spatially non-uniform hydrological response to rainfalL Quantifying the spatial pattern of 
hydrological response is important for identifying those areas within the landscape which are vulnerable 
to runoff and erosion. Soil moisture is considered to be a key factor in determining hydrological response 
and its spatial distribution is a function of the soil's physical and hydrological properties. The spatial and 
temporal measurement of soil m.1isture may therefore be used to identify contrasting areas of 
hydrological response. An experiment was established to describe soil moisture variability in a badlands 
environment characterised by a diversity of pedological materials, terrain. vegetation and land 
management practices. The spatial and temporal variability in soil moisture was recorded at three scales 
with the following aims; to determine the spatial variability in soil moisture at different scales; to 
determine the factor(s) controlling the variability in soil moisture at each scale; to identify zones of 
surfac'e runoff;. to quantify the significance of spatial patterns and threshold values for the continuity of 
overland flow pathways; to determine whether the spatial extent and severity of erosion is related to soil 
moisture patterns. Fulfilment of these aims will further an understanding of the hydrological and 
geomol]ihological processes operating in semi-arid landscapes. 
8.1 Soil Moisture Variability and Spatial Patterns 
At each measurement scale, the macroscalc (transect line, 25m sampling interval), the mesoscale (gully 
catchments, 5m sampling interval) and the microscale (minigrids, I m sampling interval), two distinct 
·.· . . . . . . . . . . . . ' . . . . . . . . ·. . . . . . . . . .· . . . . .~ . . . ·. 
groups of soil moisture conditions emerged related to dry (March-Novembcr) and wet (January-April) 
. . . 
weather conditions. Maximum variability in soil moisture between immediately adjacent sampling points 
(.>20% volumetric content) was similar at each measurement scale. At the mcsoscale and microscalc the 
. . . 
spatial pattern of soil moisture could be described as a mosaic pattern in which relatively dry areas (<I 0% 
soil moisture) were found immediately adjacent to relatively wet areas (>25% soil moisture). 
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During dry weather conditions the spatial variability in soil moisture at each measurement scale was 
generally higher than during wet weather conditions. At the mesoscale and microscale the mosaic pattern 
of soil moisture was therefore more fragmented during dry weather conditions and was characterised by a 
short range of spatial correlation in soil moisture (15-20m). During wet weather conditions the mosaic 
pattern of soil moisture at the mesoscale and microscale is more uniform compared to dry conditions as 
extensive wet areas develop within the catchments. The increase in the spatial extent of wet areas during 
this period was most clearly observed within the forest gully catchment where the range of spatial 
correlation in soil moisture doubled from ISm to over 30m. In summary, the spatial variability of soil 
moisture is scale-invariant; the magnitude of variability in soil moisture persists at all measurement 
scales. Furthermore, the spatial continuity of soil moisture displays a temporal dependency; the mosaic 
soil moisture pattern is more fragmented and spatially discontinuous during dry than wet conditions. 
8.2 Factors Controlling the Spatial Patterns of Soil Moisture 
Identifying the factors which control the spatial and temporal pallerns of soil moisture described above 
will aid in the understanding of how land management practices may change these spatial patterns. 
Certain characteristics identified in the soil moisture data set may be used to provide a first indication of 
the factor(s) controlling the spatial patterns of soil moisture. The scale-invariant nature of the variability 
in soil moisture suggests that the factor(s) controlling soil moisture may also be scale-independent ie. the 
factor(s) controlling the variability in soil moisture at the microscale may be the same as those at the 
macroscale. The spatial pattern of soil moisture at each scale is also temporally persistent ie. the spatial 
pattern remains similar through time. This indica(es that the factor(s) determini1_1g th~ spatial pattern must 
also be spatially stationary through time. 
Within this study region pore size characteristics, which were strongly related to soil texture, are the most 
. . . . . . ·. . . . . . . - . . . . : . . . . . . . 
significant factor in determining the spatial variability of soil moisture. Areas of drier soil were related to 
sedimelits wi.th a higher percentage of transmission pores and/or coarse sized particles, whereas areas of 
relatively wet soil were related to sediments dominated by residual pores and fine sized particles. 
The role of vegetation in determining soil moisture patterns was largely restricted to dry weather 
conditions when soil moisture values were medium to low and evapotranspiration losses were high. The 
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non-uniform uptake of moisture by vegetation may partly explain the greater variability in soil moisture 
patterns observed during dry periods. During wet periods vegetation plays only a minor role in 
determining soil moisture patterns since evapotranspiration losses are low and soil moisture is frequently 
recharged. Organic carbon may indirectly influence soil moisture values since this property is strongly 
correlated with pore size characteristics. 
Topographic characteristics such as elevation, slope angle and upslope contributing area /length were of 
only minor importance in determining surface soil moisture patterns within the gully catchments. Even at 
the macroscale, where topography may be expected to play a greater role in determining soil moisture 
patterns, none of the topographic parameters were strongly related to soil moisture. The generally poor 
correlations between topography and soil moisture may be due to the measurement of only the top 15cm 
of soil. At greater depths topography may be more significant in determining the distribution of soil 
moisture. A similar finding has been reported by Berndtsson and Chen ( 1994) when measuring soil 
moisture at depths of less than I m. 
A striking characteristic of the study area is the near horizontal interbedding of sediment horizons which 
may strongly contrast in their textural composition over relatively short distances. This contrast in texture 
and the associated pore size characteristics are the principal controls of soil moisture patterns within this 
region and overrides the known influence of vegetation and topography on soil moisture. By exposing 
. . . 
several sediment horizons with different textures, gully incision may increase the spatial variability in soil 
moisture. Furthermore differences· in gully morphology (shallow-bulbous compared to· deep 'V' shape) 
may also play an important role in determining the degree of spatial variability in soil moisture. 
8.3 Implications for the Hydrological Response of the Study Region 
. . .· . . 
The spatial arrangement and connectivity of runoff producing areas is critical in determining the spatial 
·extent of overland flow and. its effectiveness ·as an eroding agent. Within the sp~tial patter~s ·o( soil 
moisture, wet areas may be considered as potential source areas of surface runoff whereas the drier areas 
are believed to be sinks capable of re-absorbing runoff. These wet and dry areas may be delimited into 
units based on their differing hydrological response and spatial area. The wet and dry areas may therefore 
be termed 'hydrological response units' and can be given a threshold value determined by the conditions 
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necessary for runoff to occur, eg. tlie threshold value may be the maximum infiltration rate or saturation. 
Overland flow from a hydrological response unit may only occur when the threshold value is exceeded. 
The spatial sequence of the hydrological response units will determine whether hydrological pathways are 
continuous or discontinuous. In a system where pathways are discontinuous, source areas are spatially 
isolated and the runoff reaching the channel may therefore be expected to be minimal. Only those source 
areas located adjacent to the channel or catchment outlet will contribute to catchment outflow. Surface 
runoff from source areas which are spatially isolated and upslope of the channel will be re-absorbed by 
the surrounding areas which act as sinks for overland flow and transported sediment. During dry 
conditions the soil moisture pattern is fragmented, promoting discontinuous hydrological pathways. 
Source areas are therefore spatially isolated resulting in minimal runoff reaching the catchments channels. 
In addition, since the majority of the soil moisture values are below saturation, the threshold value 
governing the generation of surface runoff is determined by the infiltration rate of the hydrological 
response units. During dry conditions runoff is therefore predominately generated as infiltration excess 
overland flow. During the dry period the generation of runntT was observed to be highly localised and 
only on rare occasions during high intensity storms did this runoff leave the catchments. 
During wet periods, despite different physical and hydraulic properties, the formerly dry zones have 
reached saturation and thus become source areas of surface runoff. Source areas are no longer spatially 
isolated and continuous hydrological pathways may develop rapidly during this period. Widespread 
runoff generated by saturati~~ . ove~l~~d flow will occur ~egardless of the spatial sequence of the 
hydrological response units. During this period· rainfall was observed to cause widespread runoff resulting 
- · .. 
in considerable flow within the gully channels. 
Based upon the hydrological response described above, two key findings have emerged from this 
research: 
I. In semi-arid areas spatial variability in soil properties or vegetation patterns may be beneficial for 
runoff and erosion control by creating a self-regulating system in which runoff producing areas are 
surrounded by butler zones capable of re-absorbing the runuiT. In degraded and eroding areas the 
creation of a spatial mosaic pattern in which buffer zones are adjacent to potential runoff producing 
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areas may therefore provide the most effective management strategy for runoff and erosion control in 
semi-arid environments. Careful planting in selected locations may be used to create a mosaic pattern 
of sinks for overland flow and sediment deposition. Increasing spatial variability to promote 
discontinuity in hydrological pathways is only an effective strategy for runoff and erosion control 
when conditions are below a critical threshold value. High spatial variability in soil properties and 
vegetation patterns may often be found in semi-arid environments, however, the thresholds necessary 
to generate runoff may often be low and hence frequently exceeded. Management strategies should 
therefore also aim to raise the threshold value of the hydrological response units within the spatial 
mosaic pattern ie. promote better soil physical and hydrological properties so that the occurrence of 
widespread connectivity is less frequent. 
2. Within the study region the temporal measurement of soil moisture patterns has revealed a transition 
which may infer a seasonal switching in runoff generating processes from intiltration excess overland 
flow during the dry summer period to saturation overland tlow during the wet winter period. lt is well 
documented that soil saturation is the principal runoff generating mechanism in humid temperate 
environments whereas infiltration excess overland flow is frequently reported as being more 
significant in arid environments. In the seasonal climate of the study region conditions of both 
humidity and aridity can occur giving rise to a situation where both runoff generating processes may 
operate. The inference of a seasonal switching in the runoff generating processes can be related to 
soil moisture values which remain persistently bdow a critical saturatio~ threshold "du~ing dry 
conditions. During this period runoff is therefore likely to be predominantly generated by infiltration 
excess overland flow. Saturation overland flow becomes the likely predominant runoff generating 
mechanism during the wet period due to frequent, long duration, low intensity rainfall. Seasonally 
arid climates may therefore represent an environment between arid and humid temperate in which 
.. ·.' 
both inliltration excess and saturation overland !low runoff generating processes occur. Net erosion 
data shows that the severity and spatial extent of erosion is higher. during the wet. winter period when 
the continuity of hydrological pathways is greatest and when saturation overland !low is the principal 
runoff generating mechanisin. 
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8.4 Wider Implications and Future Research 
8.4.l.Catchment Management: 
A key management strategy for degraded semi-arid areas is the creation of a mosaic pattern m which 
'sink areas' for runoff and sediment deposition are located adjacent to source areas. In stable 
environments with a dense vegetation cover a mosaic pattern may already exist due to the spatial 
arrangement of the vegetation canopy cover and plant stems/trunks. Extensive forest plantations or 
continuous areas of natural shrubland may therefore, prove to be a more effective management strategy 
than the creation of mosaic patterns. However, at the watershed scale the creation of mosaic patterns 
allows several landuses to co-exist within the same region. Patches of forest land, agricultural land and 
shrubland can be spatially arranged to minimise the continuity of hydrological pathways whilst allowing 
potentially degrading management practices (eg. arable farming) to continue. The concept of mosaic 
pallerns may therefore be included within watershed management policies to allow both agricultural 
practices to continue as well as to minimise the continuity of hydrological pathways reuucing the spatial 
extent and severity of runoff and erosion at the watershed scale. 
Determining which factors control the spatial variability in hydrological response is vitally important for 
the sustainable management of an area. For example. in an environment where soil texture is uniform 
over large areas, then management practices which directly influence the spatial pattern of vegetation 
cover may be critical in determining the spatial extent of runoff generation, since the hydrological 
response is likely to be spatially dependent upon the vegetation. 
Within the study region the spatial extent and severity of runoff and erosion within gully catchments may 
be related to the stage of gully development. Gullies in the early stages of development and hence those 
which have only <lissecteu one or two sedimer.u horizons are more likely to have continuou_s hydrologic~! 
pathways than well developed gullies which have dissected several sediment horizons. The runoff ami 
erosion hazard from gullies in the early stages. of development is therefore likely· to be higher than that of 
well developed gullies. Gullies in the early stages of development or with a shallow bulbous morphology 
should therefore be a priority for management policies aimed at reducing runoff and soil loss. Well 
developed gullies with an increased inherent spatial variability in soil texture. vegetation and terrain, may 
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develop a self-regulating system in which minimal runoff and sediment discharges from the catchment 
outlet. 
8-4.2. Hydrological Processes: 
Quantifying the spatial variability of soil moisture within several different land uses, for example, from an 
agricultural field to a dense forest, would provide valuable information on the continuity of hydrological 
pathways within these land uses and their vulnerability to degradation. This information may also be used 
to determine the best location for these landuses in relation to channels and each othtr so as to reduce the 
continuity of hydrological pathways at the watershed scale. Land uses identified as buffer areas ie. 
landuses capable of re-absorbing runoff from adjacent land uses, and their most effective location within 
a watershed, can be specified for inclusion in policies which directly impact upon the land use 
management of a region. 
The use of TDR probes at depths greater than I Scm would provide information on the spatial pall ern of 
subsurface soil moisture and subsequently the continuity of subsurface hydrological pathways. These 
deeper probes would also provide information on the depth of soil saturation during the wet winter period. 
· The relationship between topography and soil moisture at depth could also be established by the use of 
deeper probes. A spatial pattern in soil moisture at depth which is similar to that found at the surface 
would suggest that soil texture is the primary control on soil moisture throughout the profile. 
Although the correlations between TDR measured soil moisture and saturated soil moisture values 
measured by the Pitman cores together with the spatial monitoring of net erosion and field observations 
provide some measure of the severity and spatial extent of runofr as well as the likelihood of saturated 
conditions, discharge measurements collected using a weir at the gully catchments outlet could be used to 
test the significance of these spatial pallerns in soil moisture and threshold conditions in relation to the 
amount o.f runoff generated. However;- weirs are limited· in that they give no indication of the spatial 
. . . . -
occurrence of runoff generation within a catchment. It is therefore not possible to tell whether the whole 
of the ~atchment is generating runoff or whether it is only specific areas wi.thin the catchment, in some 
instances this may only be the area immediately adjacent to the weir. The usefulness of discharge data 
collected from weirs may be greatly improved if used in combination with runoff detectors. By using 
262 
Chapter 8 - Synthesis and Conclusions 
runoff detectors placed at specific locations within a catchment it may be possible to identify the spatial 
pattern of runoff generation and its temporal fluctuation as conditions change from dry to wet. Through 
using a combination of weirs and runoff detectors it would therefore be possible to corroborate the 
significance of spatial and temporal patterns in soil moisture in relation to both runoff generation and the 
type of runoff generating mechanism (i.e. saturated overland flow). 
8.5 Summary 
This research has shown that at the gully catchment scale a grid sampling strategy was an effective 
method for quantifying the spatial variability of soil moisture. This method provided complete spatial 
coverage and allows the spatial arrangement of source and sink areas to be identified. The use of a grid 
sampling strategy also favours and simplifies the later use of geostatistical techniques for analysing the 
spatial correlation of the data set. 
Semi-arid environments arc often vulnerable to land degradation and increasingly desenilication from 
past and present land management practices and from the threat of future climatic changes. Quantifying 
the spatial and temporal variability of key soil properties may imP.rove our understandi.ng and 
interpretation of the often complex hydrological behaviour exhibited within these environments. 
Furthermore, knowledge on the variable response of these regions may aid in their sustainable 
management through the use of effective runoff and e~osion control measures. The research undertaken 
within this thesis provides a framework from which these goals may be achieved. 
·' 
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Appendix 1.1: Displacement of the Matorral grids when using an artificial 
rectangular grid as compared to unit ground lengths in the field. 
Matorral Gully Grid 
+ +++ ++ ++ H +I- + 
+ + + + ++ ++ ++ 
* * 
-f- Location of grid points as laid down in 
the field based on unit ground lengths 
+ ++ ++ + ++ ++ -F + 
+ + + + + + 
+ Location of grid points when using an 
+ *t- + + + -1- artificial rectangular grid 
+ + + + + 
++ + + + + + + -1-
+ + + + 
+ +-I- + + + + -1-
+ 
-t- + Degree of gully grid displacement: + + 
+ '+- + i= + + -1-+ ++ + + Field Grid: 
+ +~ + ++ -j,c + + 
+ + + x maximum= 27.45m 
+ t- ++ y maximum= 70.54m + + -1-t· +· + + + 
+ + + 
+ + + 
' 
+ + -f-+ + Artificial Grid: + 
+ + x maximum = 30m 
+ + + + -1-+ -1-+ er y maximum = 75m t· + + + + 
-1- +- + + ++ + + 
+ + Maximum difference in the x direction 
+ 
+ -1-+ + -1- + + + + between the two grids = 5.88m 
' 
+ "t" Maximum difference in the y direction 
-t- -t-_ ++ + + + -1-+ + between the two grids = 6.66m 
+ + 
+ ++ -H- + + -1- -t-+ + -,-
+ + + -t- + + + 
Matorral Minigrid Degree ofMinigrid grid displacement: 
-If- + +f- -If- +f- + Field Grid: 
x maximum= 5.17m 
++ _p- _p- j-
-t .L + y maximum= 5.16m 
~+ .L * 
,+ -,--\- .L Artificial Grid: --.!- + 
x maximum = 5m 
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-;t-
-++ 
-t -t ~+ --'- Maximum difference in the x direction __,_ 
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~+ 
-++ -t ++ _p-- ± Maximum difference in the y direction between the two grids = 0. 18m 
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Appendix 1.2: Displacement of the Forest grids when using an artificial 
rectangular grid as compared to unit ground lengths in the field. 
Forest Gully Grid 
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-
+ 
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Forest Minigrid 
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Appendix 1.3: Displacement of the Bench Terrace grids when using an artificial 
rectangular grid as compared to unit ground lengths in the field. 
Bench Terrace Gully Grid 
+ + + ·If- ~f- ++ ++ + ++ ++ 1~ + + + + 
+ + + + ~ ++ :f + ++ ++ ++ ++ f + + ++ + -±f. -q.. -~ T 
+ + -}- + + + + + ++ + +~ -t +:f- + + + + + + + + 
~ + + + + + + T 
+ + + + + + + + + + + + + + + 
+ + + + + + + + + + + -t-
+ + + + + + + + + + + + + + 
'""' + + + + + + + + + + + + 
' 
+ + + ++ t ++ ++ + ++ + t ± -et· + cjc + + + + + 
+ + + + + + + + + + + + + + + 
-j _ Location of grid points as laid down in Degree of gully grid displacement: 
the field based on unit ground lengths 
_L Location of grid points when using an 
1 artificial rectangular grid 
Bench Terrace Minigrid 
+ + + + -+ + 
..L ++ ++ + +I- =I= +' 
± c\: + ++ + ± ·~ 
..L 
=f-
* 
± +I- ' +' '!= 
-F- .ff- ~.r ++ t =I= 
++ ~+ .IT- ++ ++ t 
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Field Grid: 
x maximum = 64. 74m 
y maximum= 26.97m 
Artificial Grid: 
x maximum = 70m 
y maximum = 30m 
Maximum difference in the x direction 
between the two grids= 7.24m 
Maximum difference in the y direction 
between the two grids= 5.52m 
Degree ofMinigrid grid displacement: 
Field Grid: 
x maximum = 5.19m 
y maximum= 5.17m 
Artificial Grid: 
x maximum = 5m 
y maximum = 5m 
Maximum difference in the x direction 
between the two grids = 0.20m 
Maximum difference in the y direction 
between the two grids = 0.21 m 
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